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REAL-AIR DATA-REDUCTION PROCEDURES
BASED ON FLOW PARAMETERS MEASURED IN THE TEST SECTION
OF SUPERSONIC AND HYPERSONIC FACILITIES

By Charles G. Miller III and Sue E. Wilder
Langley Research Center

SUMMARY

Data-reduction procedures for determining free-stream and post-normal-shock
kinetic and thermodynamic quantities are derived. These procedures are applicable to
imperfect real-air flows in thermochemical equilibrium for temperatures to 15 000 K
and a range of pressures from 0.25 N/m2 to 1 GN/m2. Although derived primarily to
meet the immediate needs of the Langley 6-inch expansion tube, these procedures are
applicable to any supersonic or hypersonic real-air test facility where combinations of
the following flow parameters are measured in the test section:

(1) Stagnation pressure behind normal shock
(2) Free-stream static pressure

(3) Stagnation-point heat-transfer rate

(4) Free-stream flow velocity

(5) Stagnation density behind normal shock
(6) Free-stream density

Nine data-reduction procedures resulting from various combinations of three of these
measured flow parameters are derived. These procedures employ an adjustment of
computed flow parameters by numerical iteration until measured and computed flow
parameters are within a prescribed tolerance.

Because the above six flow parameters are measured in the test section, these
procedures do not depend explicitly upon measured or calculated upstream flow param-
eters. The elimination of dependence on upstream flow conditions results in a reduction
in the uncertainty in predicted test-section conditions.

Limitations of the various procedures and uncertainties in calculated flow quantities
corresponding to uncertainties in measured input data are discussed. All nine procedures
are incorporated into a single computer program written in FORTRAN IV language. A
listing of this computer program is presented, along with a description of the inputs
required and a sample of the data printout.



INTRODUCTION

Over the past decade, a number of studies (refs. 1 to 11) have been directed toward
prediction of performance characteristics of expansion tubes and expansion tunnels. The
initial theoretical study of the expansion tube was performed by Trimpi (ref. 1). In refer-
ence 1 a simplified flow model based on idealized processes was used. However, Trimpi
acknowledged the possible existence of detrimental effects on expansion tube performance
arising from real physical conditions (such as noninstantaneous primary- and secondary-
diaphragm rupture, shock-wave attenuation, interface mixing, and flow turbulence). At
the time reference 1 was written, the extent to which these possible phenomena deviated
the actual flow from idealized flow remained to be determined experimentally. (The
complexity associated with these real physical conditions generally prohibits rigorous
theoretical treatment.) To this end, the Langley shock tunnel was modified in 1961 to
serve as a pilot model expansion tube.  Experimental results of exploratory studies in
this facility are reported in references 12 and 13. As might be expected, significant dif-
ferences between measured and theoretically predicted flow quantities were observed.

Investigations representing extensions of existing experimental studies into the
high-velocity real-air regime will be performed in the Langley 6-inch expansion tube.
To make meaningful comparisons of these real-air data with the existing data and corre-
sponding correlations, accurate predictions of free-stream and post-normal-shock flow
conditions are required.

The usual procedure for determining expansion tube test-section flow conditions
(for real air in thermochemical equilibrium) is first to determine conditions behind the
incident shock propagating into the static test gas within the intermediate section (see
fig. 1). (The charts of ref. 14 are a convenient and often employed means of determining
these conditions.) An isentropic unsteady expansion from the velocity of the shocked test
gas in the intermediate section to the measured free-stream velocity at the test section
is performed (ref. 3). With the free-stream flow conditions determined, the post-normal-
shock conditions are determined from existing tables or charts for standing normal shocks.
This scheme generally yields test-section flow quantities significantly different from mea-
sured quantities,

The purpose of this study is to provide a means for obtaining accurate test-section
flow conditions in the expansion tube and expansion tunnel. The computational scheme
used to predict test-section conditions is based on flow parameters measured in the test
section, and thus an explicit dependence upon measured or calculated upstream flow
parameters is eliminated. The elimination of dependence on upstream flow conditions
should result in a substantial reduction in the uncertainty in predicted test-section condi-
tions. (For example, it has been speculated in refs. 13 and 15 that one cause of failure



of the theoretical approach in predicting test-section conditions is nonideal rupture of

the upstream secondary diaphragm,) Such a computational scheme requires measure-
ment of three flow quantities at the test section in order to satisfy the conservation equa-
tions for a standing normal shock. Presently, three test-section flow quantities are mea-
sured, on a routine basis, in the Langley 6-inch expansion tube:

(1) Stagnation pressure behind normal shock
(2) Tube wall static pressure
(3) Velocity of interface of acceleration gas and test gas

Another measurable flow quantity that will be obtained on a routine basis is stagnation-
point heat-transfer rate. Stagnation-point heat-transfer rate measurements have been
obtained successfully in shock tubes and shock tunnels with thin-film gages (e.g., refs. 16
to 18) and thick-film gages (e.g., refs. 19 and 20). Hence, these instrumentation tech-
niques are applicable in the expansion tube (ref. 21). Stagnation-point heating rate has
been employed as a basic input datum in data-reduction procedures for arc-heated
impulse tunnels (commonly referred to as hotshot tunnels) as discussed in reference 22.
Following the example of reference 22, the stagnation-point heating rate is included
herein as a fourth basic input datum.

An additional flow quantity that can be inferred from experimental techniques is the
density. Although free-stream density and stagnation-point density behind a normal
shock are not presently measured in the Langley 6-inch expansion tube or expansion tun-
nel on a routine basis, these two quantities are, nevertheless, considered herein as input
data.

From these six flow quantities measured at the test section, nine procedures for
determining free-stream and post-normal-shock flow conditions are derived. These
procedures utilize the thermodynamic properties for imperfect real air in thermochemi-
cal equilibrium as tabulated in references 23 and 24. (The results of refs. 23 and 24
represent a compilation of the air data of refs, 25 and 26, with interpolations and differ-
entiation. They cover a range of temperatures from 100 K to 15 000 K and a range of
pressures from 0.25 N/m2 to 1 GN/m2.) Although derived to meet the immediate needs
of the Langley 6-inch expansion tube, these procedures are also applicable to supersonic
or hypersonic test facilities with real-air flows.

Limitations of the procedures are discussed. An experimental uncertainty is
assigned to each of the six experimental inputs and the corresponding uncertainty in cal-
culated flow quantities is examined.

The relations considered for the prediction of stagnation-point heat-transfer rate
for real air are discussed in appendix A. The transport properties for high-temperature
air required in the prediction of stagnation-point heat-transfer rate are discussed in



appendix B. The calculation schemes for the individual data-reduction procedures are
presented in appendix C. All nine procedures are incorporated into a single computer
program written in FORTRAN IV language. A listing of this computer program and a
sample data printout are presented in appendix D, and a description of the inputs required

is presented in appendix E.

. SYMBOLS

The International System of Units (SI) is used for all physical quantities in this
study. Conversion factors relating the SI Units to U.S. Customary Units are given in

reference 27.
a speed of sound, m/sec

specific heat at constant pressure, J/kg-K

‘p

D diffusion coefficient, m2/sec

h specific enthalpy, m2/sec2 (J/kg)
he convective heat-transfer coefficient, W/m2-K
hp atomic dissociation energy, J/kg

k thermal conductivity, W/m-K

M Mach number, V/a

NLe Lewis number, pch/ k

Nnu Nusselt number, hCS/ k

Npr Prandtl number, ucp/k

NRe Reynolds number per meter, pV/p
p pressure, N/m2

a heat-transfer rate, W/m?2



universal gas constant, 8.31434 kJ/kmol-K

effective nose radius, m

geometric nose radius, m

distance along body measured from stagnation point, m
nondimensional specific entropy

temperature, K

velocity, m/sec

molecular weight, kg/kmol

molecular weight of undissociated air, 28.967 kg/kmol

compressibility factor, pWg /pRT

ratio of number of moles to number of moles for undissociated air, WO/W

stagnation-point velocity gradient, sec-1

o
isentropic exponent, <ig—2>

alogpS/R

coefficient of viscosity, N-sec/m?2

nondimensionalized ratio of uncertainty in calculated flow quantity to corre-

sponding uncertainty in input quantity (see eq. (9))
density, kg/m3

time, sec



Subscripts:

amb ambient

av average

c calculated

low lower limit

m measured

prev previous value of a parameter

S based on distance along body from stagnation point
s model surface material

t stagnation conditions behind normal shock

up upper limit

w model wall

w,1 tube or nozzle wall

1 free stream

2 static conditions immediately behind normal shock
Superscripts:

a order of iteration

~ approximate value
ANALYSIS

Several topics are presented before the discussion of the various calculation pro-
cedures for determining free-stream and post-normal-shock flow quantities. First a
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brief description of the Langley 6-inch expansion tube and expansion tunnel is given. This
description is followed by a discussion of the instrumentation techniques employed to
obtain the experimental data input required by the various calculation procedures. The
magnitude of the uncertainties in the experimental data input is also discussed. The
source of the thermodynamic properties for real air in thermochemical equilibrium
employed in this study is discussed. Next, the methods for crossing the standing normal
shock are discussed, since these methods are common to all calculation procedures.
Finally, the relations used to predict stagnation-point heat-transfer rate are discussed
briefly.

Description of Expansion Tube and Expansion Tunnel

The Langley 6-inch expansion tube is basically a cylindrical tube with a 15.24-cm
inside diameter, divided by two diaphragms into three sections. The most upstream sec-
tion is the driver or high-pressure section. This section is pressurized at ambient tem-
perature with a gas having a high speed of sound, such as hydrogen or helium. (Greater
operation efficiency is realized with gases having a high speed of sound; e.g., see ref. 28.)
The pressure and speed of sound of the driver gas are increased further by heating the
gas with a 3-MW resistance heater or utilizing an arc discharge into the gas from a 10-MJ
capacitor bank. The intermediate section is usually referred to as the driven section.
This section is evacuated and filled with the test gas at ambient temperature. The most
downstream section is referred to as the expansion or acceleration section. This section
is also evacuated and generally filled with helium at a low pressure and ambient tempera-
ture. For resistance heating of the driver gas, the driver and driven sections are sepa-
rated by a double diaphragm apparatus capable of withstanding a maximum pressure dif-
ferential of 68.95 MN/m2. (By controlling the pressure level in the small chamber
between these diaphragms, the time of diaphragm rupture can be controlled.) For arc
heating, a single diaphragm is used between the driver and driven sections. A weak, low-
pressure diaphragm (secondary diaphragm) separates the driven and acceleration sections.
The test section and model are located at the downstream exit of the acceleration section.

The operating sequence, which is shown schematically in figure 1, begins with the
rupture of the high-pressure diaphragm. A primary shock wave propagates into the static
test gas and an expansion wave propagates into the driver gas. The shock wave then
encounters and ruptures the low-pressure diaphragm. A secondary shock wave propagates
into the low-pressure accelerating gas while an upstream expansion wave moves into the
test gas. In passing through this upstream expansion wave, which is being washed down-
stream since the shock-heated test gas is supersonic, the test gas undergoes an isentropic
unsteady expansion resulting in an increase in the flow velocity.

The expansion tunnel is simply an expansion tube with a nozzle added at the down-
stream end. Thus, the test gas is processed first by the primary shock in the interme-
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diate section, then by an unsteady expansion in the acceleration chamber, and finally by
an isentropic steady expansion in the nozzle (ref. 4).

Experimental Data

Pressure.- The expansion tube is characterized by extremely short test times. In
general, the test time is less than 400 usec, and thus the pressure instrumentation must
have very fast response to pressure change and a minimum of orifice-cavity volume to
reduce pressure-lag effects. Presently, stagnation pressure behind a normal shock (pitot
pressure) and expansion tube or nozzle-wall pressure are measured with miniature piezo-
electric (quartz) transducers having rise times of approximately 1 to 3 usec and a pres-
sure range of approximately 700 N/m2 to 20 MN/m2. The pressure transducers are used
in conjunction with a charge amplifier, and the output signal is recorded from an oscillo-
scope with the aid of a camera.

Experimental uncertainties in such pressure measurements are dependent on many
factors, such as pressure level with regard to transducer sensitivity, calibration technique
(static or dynamic), transducer linearity, oscilloscope accuracy, quality of oscilloscope
traces with respect to the signal-to-noise ratio, and data read-up procedure. Hence, a
general assignment of the uncertainty in these pressure measurements is not possible.

On the basis of previous experience, the maximum uncertainties in pressure measure-
ments are believed to be less than +20 percent for tube or nozzle-wall pressure and for

pitot pressure.

Velocity.- The free-stream velocity is usually inferred by using a microwave tech-
nique. A microwave signal is propagated upstream into the acceleration section by means
of an antenna mounted in the neighborhood of the acceleration-section exit (test section).
The microwave signal is reflected from the interface, provided the electron concentration
at the interface is high enough for reflection of the operating signal. (As shown in ref. 9,
for incident shock velocities less than 10 km/sec in the helium acceleration gas, the
helium is not ionized and is therefore transparent to the microwave signal.) The inter-
ference of the reflected wave with the transmitted wave provides a measurement of the
interface velocity. The microwave signal is recorded on film by means of a combination
of a high-speed drum camera and an oscilloscope. The uncertainty in measuring the
interface velocity with this technique is believed to be less than +2 percent. However,
the experimental results of reference 29 show that the flow velocity is not uniform behind
the interface, and inferring that the free-~stream velocity is equal to the interface velocity
may result in errors up to 5 percent for velocities around 6 km/sec. For the purposes
of this study, the uncertainty in free-stream velocity (as inferred from microwave mea-
surements) will be assumed not to exceed +5 percent.



Stagnation-point heat-transfer rate.- Because of the heat-flux limitations of thin-
film heat-transfer gages, thick-film or calorimeter heat-transfer gages are used to mea-
sure stagnation-point heat-transfer rates in the Langley 6-inch expansion tube. The thick-
film gage consists of a thin-foil sensing element (usually pure platinum) mounted on an
insulating substrate. The foil thickness is chosen so that only a negligible amount of heat
is transferred to the substrate (generally less than 5 percent) during the testing period.
A detailed theoretical treatment of the thick-film heat-transfer gage and data-reduction
procedure is presented in reference 19. In reference 20, the experimental uncertainty
for the thick-film heat-transfer gage is stated to be +11 percent. Possible detrimental
effects due to flow turbulence level and flow contamination, the magnitudes of which are
unknown for the Langley 6-inch expansion tube, would tend to increase the uncertainty in
stagnation-point heat-transfer measurements. For this study, the uncertainty in these
measurements will be assumed not to exceed +20 percent.

Density.- Free-stream density measurements have been made in the Langley pilot
model expansion tube by using a spectroscopic method similar to that described in refer-
ence 30. These measurements, which are based on the light-absorption properties of
oxygen molecules, are believed to have an uncertainty of approximately +10 percent. For
purposes of this study, the uncertainty in both free-stream density and stagnation-point
density will be assumed not to exceed +20 percent.

Thermodynamic Properties for Real Air

Thermodynamic properties for imperfect real air in thermochemical equilibrium
are obtained from a magnetic tape furnished to the Langley Research Center by the Arnold
Engineering Development Center (AEDC) in late 1965. The thermodynamic properties
obtained from this tape correspond to the properties tabulated in reference 23 for various
values of s/R. The temperature range of reference 23 and of the AEDC tape is 100 K to
15 000 K and the pressure range is 0.25 N/m2 to 1 GN/m2. For temperatures from 100 K
to 1500 K, the results of reference 23 were obtained by interpolation of the data of refer-
ence 25; for temperatures from 1500 K to 15 000 K, the results were obtained by interpo-
lation of the data of reference 26. In addition to the effects of dissociation and ionization,
the high-temperature data of reference 26 include second virial corrections for interac-
tions between neutral-neutral species and ion-neutral species. The low-temperature
(undissociated) air composition of reference 26 is 78.084 percent Ng, 20.946 percent O9,
0.934 percent Ar, 0.033 percent CO2, and 0.003 percent Ne by volume. This composition
corresponds to a molecular weight of 28.967.

Thermodynamic properties included on the composite AEDC tape are a, h, p,
s/R, T, Z, A YR> and p. The properties a and YR correspond to those tabulated
in reference 31 for temperatures from 1500 K to 15 000 K. The results of reference 31 .
were obtained by interpolation and differentiation of the real-air data of reference 26.



As obtained from AEDC, the subroutine for searching the real-air tape required
inputs of s/R in conjunction with one of the following thermodynamic properties: a, h,
p, T, p. (The procedure whereby a, h, p, T,or p is usedin conjunction with s/R
for inputs to the AEDC tape is designated herein as SLOW.) An interpolation procedure
allowing combinations of h, p,and p as inputs to the AEDC tape was derived for this
study. This interpolation procedure is referred to herein as SEARCH (L), where L =1
denotes inputs h and p, L =2 denotes inputs p and p,and L =3 denotes inputs
h and p.

The relations derived in reference 32 for predicting thermodynamic properties of
real air in thermochemical equilibrium were also employed in the present study. These
relations were obtained from curve fits to the real-air results of references 25, 33,
and 34, and cover a temperature range of 90 K to 15 000 K. Imperfect air (intermolecular
force) effects are neglected in reference 32. The maximum percentage errors in the
results of these relations for a pressure range of 10 to 1000 kN/m2 and temperature range
of 2000 K to 15 000 K are (ref. 32):

a,percent . ... .. .. ... 2.78
h,percent .. ... ...... 1.96
T,percent .. ... ... ... 2.24
Z,percent . ... ... .... 0.75
YR percent. . . ... ... .. ~5.00
p,percent . . ... ... ... 2.52

These relations, in which the independent variables are p and s/R, are incorporated
into a subroutine designated herein as SAVE (K). This subroutine utilizes an iteration-
interpolation scheme allowing combinations of h, p, s/R,and p asinputs; K=1
denotes inputs p and s/R, K=2 denotes inputs p and p, K=3 denotes inputs p
and h, and K =4 denotes inputs h and p.

Iterative Procedure for Standing Normal Shock

The conservation relations for mass, momentum, and energy for a standing normal

shock are
V2= Vo2 2
Py +P1Vi" =Pg +PyVyg (2)
1 2 1 2
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Both the direct solution and the inverse solution to the conservation relations were used
in this study. The direct solution requires the free-stream flow conditions, including
flow velocity, as inputs and yields the postshock static and stagnation conditions. The
inverse solution requires postshock flow conditions as inputs and yields the free-stream
conditions. The direct solution is generally employed when at least two of the required
three inputs are free-stream conditions, and the inverse solution is employed when at
least two of the required three inputs are postshock conditions. Both solutions will now
be discussed.

Direct solution.- In the direct solution, the free-stream flow conditions appearing
on the left side of equations (1) to (3) are considered known. To solve for the four
unknown postshock static conditions (pz, V2, py, and hz), an additional relation is
required, the equation of state in the form of SEARCH (L) or SAVE (K). (Either
SEARCH (L) or SAVE (K) may be used as the equation of state. In the subsequent dis-
cussion SEARCH (L) will be used, except in cases where relatively accurate initial esti-

mates of thermodynamic properties are required, for which SAVE (K) is preferable.)

The iterative procedure for the direct solution begins by first estimating a value
of po. This value of py is used in equation (1) to yield a value of V9. Then Py is
found from equation (2) and hg from equation (3). These values of py and hg are
used as inputs to SEARCH (1) to obtain a value of pg. This py from SEARCH (1) is
compared with the initial estimate of Pg- If these values of pg are not within 0.1 per-
cent, the py obtained from SEARCH (1) is used in equations (1) to (3) to obtain new val-
ues of Vg, pg, and hg. This procedure, commonly referred to as the method of suc-
cessive approximations, is repeated until successive values of p, obtained from
SEARCH (1) are within 0.1 percent.

The number of iterations in the method of successive approximations is dependent
upon the accuracy of the initial estimate of Po- Hence, a means for providing an accurate
initial estimate of Py Was examined. Since the free-stream conditions are assumed to
be known in the direct solution, the stagnation enthalpy can be determined from the
relation

1 2
h{ = h =V 4
t=h1+5Vy (4)

If measured p; 1is not available, the relation

p; = Cplvlz (5)
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is used to estimate Pi- The factor C for real air may vary from approximately 0.93 to
1.0 (ref. 35). In this study, C was taken to be 0.965.

With a known p; value or estimated (within +3.5 percent) value from equation (5)

and a known hy, a relatively accurate value of p, is obtained from SAVE (3). The ini-
tial estimate of Py is taken as

Py = 0.955p; (6)

In general, two to five iterations are required for this method of successive

approximations.

The postshock stagnation conditions are determined by assuming that the flow region
extending from immediately behind the normal shock to the stagnation point is isentropic
(that is, s /R =S89 /R) The calculated. p; is obtained by using si /R and h; as inputs
to SLOW, Other stagnation-point thermodynamic properties of interest are obtained by
using ht and p; as inputs to SEARCH (1).

For the case where SAVE (K) is used to obtain postshock stagnation conditions, a
value of p; is estimated from the ideal-gas isentropic relation (ref. 36):

o P
By = P\l + —5—

Since the flow in the region extending from immediately downstream of the shock to the
stagnation point can be considered to behave as an "ideal' gas (yE 9 = YE t and Z2 = Zt),
b 2

: (7)

1 yE,:z/ (vE,2-Y)
.

Py from equation (7) is relatively accurate. Hence, values of p; Within 5 percent of f)'t
are used along with sg /R as inputs to SAVE (1), and corresponding values of Ht are
obtained. Since ht is known, an interpolation is performed to obtain the desired Py

For convenience, this iterative procedure for determining postshock static and
stagnation-flow conditions will be referred to hereafter as DIRECT.

Inverse solution.- The postshock conditions serving as inputs in the various proce-
dures are inferred hy from stagnation-point heat-transfer rate measurement, measured
p¢, and measured Py For procedures having h; and p; as inputs, the corresponding
stagnation conditions are obtained from SEARCH (1). Procedures having p; and p, as
inputs utilize SEARCH (2) to obtain corresponding stagnation conditions. (Procedures
having hy and p, as inputs are not included in this study.)

The flow region behind the shock is assumed to be isentropic; hence sg /R is
known. An initial estimate of pg is made and used with sg /R as input to SLOW to

12



obtain P, and hg. The corresponding Vg is found irom the energy equation
Vg = |[2(h¢ - hy) (8)

In the data-reduction procedures using the inverse solution, either p; or p; is known.
Thus, the free-stream quantities appearing on the left side of equations (1) to (3) can be
determined. The p; and hy values are used as inputs to SEARCH (1) to obtain a value
of P1- This Pq from SEARCH (1) is compared with the measured or calculated P1,
and if not within the desired tolerance, the value of Py is varied and the procedure
repeated. This numerical iteration on Py is continued until the condition on Pq is
satisfied.

Because of the relative insensitivity of Py to variations in free-stream flow condi-
tions, this inverse shock-crossing procedure generally requires a larger number of itera-
tions than the direct solution. Thus, it is desirable that the limits of py required in this
iteration be chosen so as to minimize computer time. ¥or most tests in the expansion
tube, the limits on py will lie between

(Pa)up = 0-97p

(pz)low = 0.85p;

These limits are applicable for ideal-air free-stream Mach numbers greater than 3 or so.
For Mach numbers less than 3, the lower limit of py must be decreased to insure that
the actual py lies between these limits on Py- (In the interest of computer time, the
user is urged to adjust these limits so as to minimize the range of iteration on py for
his particular problem.)

This iteration procedure for determining postshock and free-stream flow conditions
will be referred to hereafter as INVERSE.

Prediction of Stagnation-Point Heat-Transfer Rates

Over the past two decades, considerable effort has been directed toward obtaining
relations for predicting stagnation-point heat-transfer rates at high flight velocities.
Consequently, the literature contains numerous theoretical procedures for determining
laminar stagnation-point heating rates for blunt axisymmetric bodies. However, as noted
in references 37 and 38, the scatter in experimental data obtained at velocities greater
than 6.1 km/sec prohibits identification of the least uncertain theoretical procedures.
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Because measured qt is considered as a basic input datum, an accurate means of
predicting qt must be utilized. Hence the theoretical results of references 39 to 43 for
predicting ('1t on blunt axisymmetric bodies are examined, along with the empirical rela-
tion of reference 44. (The results of these studies are discussed in appendix A.) As
noted in reference 45, uncertainties in transport properties of high-temperature air
represent a source of discrepancies in the various theoretical relations for predicting <'1t.
Thus, the results of references 46 to 48 concerning transport properties of high-
temperature air are discussed briefly in appendix B.

Procedures for Determining Free-Stream and Postshock Flow Conditions

The procedures for determining free-stream and post-normal-shock flow conditions
are identified in the computer program as ITEST. For convenience, this method of iden-
tification will be employed in the following discussion.

The basic measured inputs and iterative procedure for crossing the normal shock
are given in the following table:

ITEST Measured inputs Shock-crossing procedure
1 Py Pys Vy Dir;ct
2 Py &, Vq Direct
3 Py» flt, Py Inverse
4 Qs Vi, Py Direct
5 P1, Py Yy Direct
6 Py, Pys Py Direct
7 Pi» Pys Py Inverse
8 Pis Pys Py Inverse
9 Pi> Py \2] Direct

In these procedures calculated and measured flow quantities are compared, and if
the calculated quantities are not within a prescribed tolerance of the measured quantities,
a numerical iteration is performed. This iteration results in an upgrading of the cal-
culated flow quantity until satisfactory agreement between calculated and measured val-
ues is obtained. The prescribed tolerance established for iteration is, of course, some-
what arbitrary. For example, in general usage of these procedures for the expansion
tube, the calculated p; is required to be within 1 percent of the measured Pi. Refining
this tolerance to a smaller value is not believed warranted, considering the experimental
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uncertainty in measured p;. However, in real-air facilities where p; can be measured
with a high degree of confidence, the user of these data-reduction procedures may wish to
define the tolerances for iteration. Hence, the tolerances for iteration on the measured
quantities py, Elt, and py are treated as inputs and the user can establish his own
degree of refinement on these iterations. The tolerance on measured p¢ is denoted by
TOLPT, that on measured Elt by TOLQT, and that on measured p;y by TOLRHO.

In the case of the expansion tube, the free-stream static pressure is assumed to be
equal to the measured tube wall pressure (that is, pp = pw,l)‘ This assumption is sub-
ject to question. As discussed in reference 49, a number of experimental studies have
shown that the measured wall static pressure is greater than the static pressure at the
edge of a turbulent boundary layer. These studies indicate that pw’1 /p1 becomes
increasingly greater than 1 as Mach number increases. For air and nitrogen flows,
pw’l/p1 is less than approximately 1.1 when M;j is less than 10; however, when Mj

is about 20, Py,1 may be as much as twice p; (ref. 49). Because of the inherent dif-
ferences between conventional wind tunnels and the expansion tube (particularly in regard
to test time), the questionable state of the expansion tube wall boundary layer (laminar,
transitional, or turbulent), and the lack of a correlation for pW’1 /pl, no attempt is made
to adjust py-

The calculation scheme for the individual procedures (ITEST) is discussed in
appendix C.

DISCUSSION

Because of the greater simplicity associated with procedure ITEST = 5, this pro-
cedure was the first to be programed for computer usage. For debugging purposes, cases
were run with ITEST =5 which covered a T, range of 1200 K to 14 000 K. The charts
of reference 50 were used, where applicable, to provide a rough check on the computed
flow parameters. After the debugging process for ITEST = 5, several cases were run
and the results were compared with the recent results of reference 51. In all cases, the
free-stream and postshock flow conditions agreed with those of reference 51 to within
1 percent. (The T{ range corresponding to these comparison cases was 1500 K to
13 000 K.) Following the successful check of ITEST = 5, the remaining eight procedures
were programed and a common check case was run for each procedure. For these check
cases the free-stream inputs were the same as those employed with ITEST = 5, but the
postshock outputs Pis Py and Elt of ITEST =5 were used as inputs. In the check
cases of the various procedures, TOLPT = TOLQT = TOLRHO = 0.001. For these tol-
erances of iteration, the computed flow quantities for all eight procedures were observed
to be in excellent agreement with those of ITEST = 5.
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The ITEST =5 procedure was used to run a number of cases in which values of
Elt were calculated from the theoretical findings of references 39 to 43 and the empirical
result of reference 44. Included in these cases was a 15.24 km/sec entry trajectory for
a vehicle having a lift-drag ratio of 1. The velocity range considered for this entry tra-
jectory was 1.5 to 12.2 km/sec and the corresponding altitude range was 36.6 to 61 km.
The results for this entry trajectory are shown in figure 2, where Elt is plotted as a
function of V;. The value of Ty was held at 300 K and rg (for a sphere) was 1.27 cm.
The T¢ value corresponding to V3 and to the thermodynamic conditions at the corre-
sponding altitude can be found from the scale at the top of figure 2. Except for refer-
ence 41, the source of transport properties used in the derivation of the various theoreti-
cal results was also used for the predicted (qt of figure 2. Instead of using Sutherland's
viscosity relation in the method of reference 41, u; Wwas obtained from reference 46.

At the lowest V; value of figure 2 there should be little, if any, difference in
transport properties used in references 39 to 43. For this V; the result of reference 44
is approximately 1.2 times the average of the five theoretical results (qt) av As V4
increases, the difference between qt from reference 44 and (Elt>av decreases. The g
results of reference 46 are believed to be too low for T; values between 1500 K and
8000 K (see appendix B); hence, if the more accurate K results of reference 47 are
employed in references 39, 41, and 42, (qt>av will increase. Between velocities of 4.5
and 9 km/sec, the magnitude of this increase is such as to bring (qt)av into good agree-
ment with the result of reference 44. At velocities above 9 km/sec (corresponding to
T¢ > 8000 K), the uncertainty in transport properties increases because of ionization phe-
nomena. For V; values from 9 to 12 km/sec, the p; of reference 46 is still conserva-
tive in comparison with that of reference 47; hence, use of the results of reference 47

would increase (610 This (Elt>av would then be greater than the 4, of reference 44

av’

for this velocity range.
In this study, the empirically based result of reference 44 for predicting Elt was

decided upon for T; 2 4500 K. This corresponds to Vi greater than approximately

4.5 km/sec in figure 2. (Although ref. 44 may be somewhat conservative for

V1 > 9 km/sec, the uncertainty in transport properties at these conditions precludes

modification of ref. 44 or adoption of another source for predicting qt) For

T; < 4500 K, the result of reference 41 (with Nie= 1) was adopted, where pu; is

obtained from reference 47.

The uncertainties in calculated flow quantities due to uncertainties in experimental
inputs were examined. For each procedure, one of the inputs was varied (simulating a
measurement error) while the remaining two inputs were held constant. Hence, the sen-
sitivity of the calculated flow quantities to this variation in a given input was determined.
The results of this error analysis are shown in figure 3, where the error parameter ¢§
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is plotted for various free-stream quantities and stagnation-point quantities of interest.
The parameter £ is defined as

6 0

error ~ correct\ Pcorrect (9)

¢error - qbcorrect/ fcorrect

E=

where 6 represents the calculated flow quantity of interest and ¢ represents the
experimental input quantity. The "correct" inputs used in obtaining the results of fig-
ure 3 correspond to a representative expansion tube test with a heated helium driver at
moderate driver pressure (16.5 MN/m2). (Values for the '"correct” free-stream and
postshock flow conditions are given in the sample printout of appendix D.) The ¢error

was less than or equal to 5 percent for the results of figure 3. The tolerances of iteration
used in obtaining these results were TOLPT = TOLRHO = 0.001 and TOLQT = 0.005.

As observed from figure 3, the degree of uncertainty in calculated flow conditions
corresponding to an uncertainty in experimental inputs varies for the different ITEST
procedures. Naturally, the type of investigation being conducted in a facility would dictate
what flow quantities are most important and what limits of uncertainty in these quantities
can be tolerated. (For example, NRe 1 is an important parameter in most viscous flow
studies but is of relatively little importance in stagnation-point radiative heating studies.
For purposes of illustration, let it be assumed that all the free-stream quantities shown
on the abscissa of figure 3 are pertinent to a given investigation. The degrees of uncer-
tainty in calculated free-stream quantities for the various procedures can be roughly
compared by allowing the maximum uncertainty permissible in any of the calculated free-
stream quantities of figure 3 to be some value, say 20 percent or so. For the represen-
tative expansion tube test under consideration, the approximate maximum uncertainty
permitted in each input (where the remaining two inputs are assumed to be correct) for
each procedure is as follows:

Maximum uncertainty, percent, in input —
ITEST : -

Py Vi Pt qt Py Py

1 | 20 | 8 | 12 | - | -
2 -—- 5] 2 1 -— —-—

3 20 -—— 7 18 -—- ---

4 20 2 -— 5 --- —~—=

5 20 20 —— —— 12 _—

6 20 ——— 42 - 18 -

7 - —_—— 2 -—- 1 1

8 20 _— 36 —_— - 10
9 j === 5 1 --- - 1
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Hence, for a study at the conditions given in the sample printout of appendix D, if all the
free-stream quantities of figure 3 are considered pertinent, procedures ITEST =1, 3, 5,
6, and 8 are preferable to ITEST =2, 4, 7, and 9. If the pertinent quantities for an
investigation are the stagnation-point quantities of figure 3, the relative preferability of
the procedures is not nearly so obvious. This is illustrated by the following table, where
the maximum uncertainty permissible in any of the calculated stagnation-point quantities

of figure 3 was taken as 20 percent or so:

Maximum uncertainty, percent, in input —
ITEST -
P \4 b q Py Py
1 >>20 10 20 --- _—— -
2 - >>5 15 35 P -
3 >>20 | ----- 15 35 —— _——
4 >>20 3.5 - 8 —— -
5 >>20 7 -—- -—- 20 ——
6 >>20 | ----- 13 --- 20 ---
7 -—— | =e--- 10 -— >>20 11
8 >>20 | ----- 10 -—- _—— 12
9 _—— >>5 10 -—- _—— 11

Error analyses were also performed for procedures ITEST =1, 3, and 5 for the
same free-stream thermodynamic inputs that are shown in the sample printout of appen-
dix D, but at stagnation conditions corresponding to Vq values of 3 and 12 km/sec.
(Procedures ITEST =1, 3, and 5 were chosen because these are expected to be used
for most of the data reduction in the Langley 6-inch expansion tube.) The ratio M

correct
for both velocities (3 and 12 km/sec) was observed to be essentially the same as for the

representative expansion tube test case considered previously for a velocity of
6.1 km/sec. '

In a program such as that presented herein, computer time is of concern. The pro-
cedures were run individually on a Control Data 6600 series computer for the represen-
tative expansion tube test case used in the error analysis. The total time {(computational
and peripheral) for each procedure, when the thermodynamic properties were obtained
from the AEDC tape (that is, SAVE (K) was not utilized), is given in the following table:
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ITEST | Total time, sec

[a—y

580
490
375
570 (1200)
240
340
440
530
420

W 00 -J O O i W N

These times were obtained with TOLPT = TOLQT = TOLRHO = 0.005 and the iteration
limits presented herein. The total time of 570 seconds for ITEST =4 corresponds to
the refined limits on p; for Mj greater than approximately 8; the total time of

1200 seconds corresponds to the more general limits on py. (See appendix C.)

Although these total times for procedures employing DIRECT should be fairly rep-
resentative for the stated iteration tolerances, the time for procedures employing
INVERSE (ITEST = 3, 7, and 8) should not. This is because pz/pt = 0.959 for the exam-

ple test case under consideration. Since the iteration procedure on py in INVERSE
begins with the upper limit on pg ((pz)up /pt = 0.97>, the total times in the table above

for ITEST =3, 7, and 8 are believed to be somewhat less than that corresponding to the
general case.

The relatively large computer times associated with the data-reduction procedures
presented herein are due primarily to the time required for tape manipulation. This con-
clusion was verified by examining the total time required by SEARCH (L). Cases were
runfor L =1, 2, and 3. For a single usage of SEARCH (L), the total time required
ranged from 34 seconds for L =2 and 3 to 52 seconds for L = 1. These same cases
were also run with SLOW. Multiple callings of SLOW were performed in order to obtain
the same thermodynamic properties as were obtained with SEARCH (L). The total time
was 28 seconds. Hence, it is obvious that repetitive usage of SEARCH and SLOW, as
required in the iterations of the present procedures, will consume a large amount of total
computer time.

Subroutine SAVE (K), which is based on the real-air curve-fit expressions of refer-
ence 32, was incorporated into the present data-reduction procedures in an attempt to
reduce computer time and tape usage. This subroutine replaces the subroutines SLOW
and SEARCH (L), which were written to search the AEDC real-air tape, as the source
of real-air thermodynamic properties. Some loss in accuracy is incurred in using
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SAVE (K), particularly at high densities where intermolecular force effects become
important. (See section entitled "Thermodynamic Properties for Real Air.") However,
these data-reduction procedures based on SAVE (K) should be sufficiently accurate for
most purposes. The nine procedures, now divorced from the AEDC tape, were run indi-
vidually on the computer for the same representative expansion tube case and same iter-
ation tolerances used in the previous time study. For each procedure the computer time
was much less than when the AEDC tape was used. For example, the 1200 seconds
required for ITEST =4 with subroutines SLOW and SEARCH (L) was reduced to 40 sec-
onds with subroutine SAVE (K). Thus, the problem of relatively large computer times is
circumvented by usage of SAVE (K) without sacrificing appreciable accuracy.

CONCLUDING REMARKS

Data-reduction procedures for determining free-stream and post-normal-shock
kinetic and thermodynamic quantities are derived. These procedures are applicable to
imperfect real-air flows in thermochemical equilibrium for temperatures to 15 000 K and
a range of pressures from 0.25 N/m2 to 1 GN/m2. Nine data-reduction procedures
resulting from various combinations of three of the following measured flow parameters

were derived:
(1) Stagnation pressure behind normal shock
(2) Free-stream static pressure
(3) Stagnation-point heat-transfer rate
(4) Free-stream flow velocity
(5) Stagnation density behind normal shock
(6) Free-stream density

The various combinations of measured flow parameters are identified herein as ITEST

and are:

ITEST . Measured flow parameter

(1), (2), (49)
(0, 3), 4
(1), (@), (3)
2), 3), (4)
(2), (4), (6)
(1), (2), (6)
(1), (5), (6)
(1), (@), (5)
(1), @, 6

-t

O O I O U b W N
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These procedures employ an adjustment of computed flow parameters by numerical
iteration until measured and computed flow parameters are within a prescribed toler-
ance. All nine procedures are incorporated into a single computer program written in
FORTRAN 1V language.

The uncertainties in calculated flow quantities due to uncertainties in the experi-
mental inputs were examined. This error analysis demonstrated that for an investiga-
tion in which free-stream quantities (including Reynolds number) were pertinent, pro-
cedures ITEST =1, 3, 5, 6, and 8 are preferable to ITEST =2, 4, 7, and 9.

Relatively large computer times were observed for these procedures. The large
times are due, primarily, to the time required in searching the real-air tape. Significant
reduction in computer time, without appreciable loss of accuracy, was obtained by using
real-air curve-fit expressions as the source of thermodynamic properties in place of the
tape.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., February 11, 1972,
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APPENDIX A
RELATIONS FOR PREDICTING STAGNATION-POINT HEAT-TRANSFER RATES

In the present study the theoretically derived expressions of references 39 to 43 for
predicting stagnation-point heat-transfer rates on blunt axisymmetric bodies were exam-
ined. The results of these five theoretical studies are discussed in this appendix, and the
empirical stagnation-point heat-transfer relation of reference 44 is presented.

Cohen

From correlations of numerical results, Cohen (ref. 39) obtained the relation

2
h
t -2] el (10)

_ -0.6 0.43 0.07
4 = 0767(Nprw)  (Ppst)  (Pwiw) (Pt - w) [B]L + 0.075 1.9686 x 10

7

for predicting stagnation-point heat-transfer rate. Cohen considered two free-stream
velocity regimes in the derivation of equation (10). In the lower velocity regime, where
the velocity was less than 8.84 km/sec, the air was assumed to be an equilibrium mixture
of oxygen and nitrogen atoms and molecules. The transport properties for this equilib-
rium dissociated air were taken from the correlations of reference 52. In this lower
velocity regime the results were obtained for wall temperatures from 300 K to 1750 K,
and equation (10) represents the numerical solutions to within approximately +5 percent.
In the upper velocity range, where the velocity was from 8.84 to 12.5 km/sec, the trans-
port properties of Hansen (ref. 46) were used by Cohen. Results were obtained for wall
temperatures to 5200 K, and equation (10) represents the numerical solutions for this
regime to within approximately +10 percent.

In the present study, the thermodynamic quantities p; and hy appearing in equa-
tion (10) are obtained from the AEDC real-air tape. The value of u{ is obtained from
reference 46 or 47. (Further discussion concerning the obtainment of p; is presented
in appendix B.) The parameter ¢ appearing in equation (10) distinguishes the velocity
regime. For the lower velocity regime (to 8.84 km/sec), ¢ = 0; for the upper velocity
regime (8.84 to 12.5 km/sec), €= 1.

Because of the very short test time of the expansion tube, the wall temperature
remains on the order of ambient temperature. Hence, the wall temperature can be set
equal to the ambient temperature, as was done in reference 22, or can be estimated. To
obtain a rough estimate of Ty, the assumption is made that the thick-film heat-transfer
gage used to measure stagnation-point heat-transfer rate experiences uniform flow. This
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APPENDIX A — Continued
results in a constant heat flux during the test time. Then, from reference 17, the wall

temperature is given by the expression

Ty = ZﬁtVL + Tamb (11)

Mg

(This expreséion was derived from the one-dimensional heat-conduction equation for a
homogeneous semi-infinite slab.)

Since Ty remains on the order of Tgnmy, the viscosity at the wall is obtained
from Sutherland's expression (ref. 46):

= 1.462 x 10-6 L (12)
1
1, 112

The density at the wall is determined from the equation of state,

P to (13)
Py, = =
W  RTy,
and the static wall enthalpy from the ideal-air expression,
R
hy, =3.5—T 14
w Wo Tw (14)

0

It should be noted that in most cases h; >> hy,, and too, the dependence of equation (10) on
Pyl 1is to the 0.07 power. Hence, the stagnation-point heat-transfer rate obtained from
equation (10) has a weak dependency on wall temperature. For the range of Ty expected
in expansion tube or expansion tunnel testing, relatively large errors in Ty would not be
expected to have a significant effect on the calculated stagnation-point heat-transfer rate.

The stagnation-point velocity gradient was calculated from the modified Newtonian
relation

2(p; - Py )
8 =rig\————< . ) | (15)

for axisymmetric bodies having a nose radius Ty
Because of the relatively small range of Ty expected in the expansion tube or tun-
nel, the Prandtl number at the wall was assumed to be a constant and was set equal to 0.71.
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APPENDIX A - Continued

Hoshizaki

Hoshizaki (ref. 40) correlated his numerical results to within +6 percent, deriving
the relation

. , ’ 0.4 1.69(, bhw

According to reference 40, this relation is valid for velocities from 1.83 to 15.2 km/sec,
stagnation pressures between 100 N/m2 and 10 MN/mZ, and wall temperatures from 300 K
to 3000 K. The boundary layer at the stagnation point is assumed to be in thermochemical
equilibrium. The effects of dissociation and ionization are taken into account by use of the
total thermodynamic and transport property concept. In this concept, the properties are
defined in such a way that the effects of-dissociation and ionization are contained within
them. The calculations of Hoshizaki are based on the transport properties of Hansen

(ref. 46) for viscosity and allow the Prandtl number and Lewis number to vary. Methods
employed herein for determining the various quantities appearing in equation (16) were
discussed in the preceding section.

Fay and Riddell

Fay and Riddell (ref. 41) obtained, from correlation of numerical results, the

expression
‘ _ h
4, = 0.76(Npy ) O'G(ptut)o‘4(pwuw)°’1(ht - hw)\[fe 1+ <NLe0‘52 - 1)%3 (17)

for predicting stagnation-point heat-transfer rate for dissociated air in thermochemical
equilibrium. These results were restricted to a wall Prandtl number of 0.71; wall Lewis
numbers of 1,0, 1.4, and 2.0; wall temperatures from 300 K to 3000 K; and velocities
from 1.77 to 6.95 km/sec. The viscosity used in reference 41 was obtained by using
Sutherland's expression (eq. (12)).

In reference 38, a semiempirical modification of Fay and Riddell's theory is sug-
gested to extend it to higher velocities where the effects of ionization become important.
Lewis and Burgess (ref. 38) compared the theory of Fay and Riddell for equilibrium nitro-
gen (for nitrogen, the factor 0.76 in eq. (17) is replaced by 0.754) and Ny = 1.0 with the
results of Fay and Kemp (ref. 53). Fay and Kemp utilized a simplified binary diffusion
model of an ionized diatomic gas to obtain the transport properties for nitrogen. The cal-
culations of reference 53 were performed for a wall temperature of 300 K, and a Lewis
number of 0.6 was employed in most of the calculations. The comparison of Lewis and
Burgess (ref. 38) showed that if the results of Fay and Riddell are simply multiplied
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APPENDIX A — Continued

by 1.15, they are in good agreement with the theory of Fay and Kemp (which includes
ionization effects) for velocities in nitrogen from 6.1 to 16.78 km/sec. However, on the
basis of the summary plot of reference 38, the present authors do not believe such a
semiempirical modification to the theory of Fay and Riddell is justified for this study.
Instead, it is felt that the theory of Fay and Riddell for equilibrium air and a Lewis num-
ber of 1 provides a "compromise' means for estimating the stagnation-point heat-transfer
rate for velocities to 13.7 km/sec. (This conclusion is based on a comparison of curve 1
with the experimental data in the summary figure of ref. 38.)

The quantities appearing in equation (17) for Ny =1 are determined in the same
manner as those in equation (10) derived by Cohen.

Pallone and Van Tassell

From a correlation of numerical results, Pallone and Van Tassell (ref. 42) derived
the relation

. -0.75, ' \0.43 0.07 -
qt = O-QO(NPr,W> (’%“t) (pw'uw> (ht - hy ) BA (18)
where for Vj =9.906 km/sec, A =1, and for Vi > 9.906 km/sec,

VA

A=
9906

The parameter A represents a velocity dependence of the boundary-layer solutions for
velocities in excess of 9.906 km/sec. Above velocities of 12.5 km/sec, a slight depen-
dence on stagnation-point pressure was also observed. The calculations of Pallone and
Van Tassell for air are also based on the transport properties of Hansen (ref. 46).
Methods employed for determining the various quantities appearing in equation (18) were
discussed previously.

DeRienzo and Pallone

The primary objective of this more recent study by DeRienzo and Pallone (ref. 43)
was to extend the results of reference 42 to flight speeds as high as 21.3 km/sec. Unlike
the studies of references 39, 40, and 42, this study (ref. 43) utilized the more recent
transport properties of reference 47. Calculations were performed for velocities from
1.52 to 21.3 km/sec and included the effects of blowing. The numerical results of refer-
ence 43 are given in table I of that reference. To obtain expressions for calculating the
stagnation-point heating rate, these tabulated results were correlated by the present
authors for the case of an axisymmetric body with no blowing, stagnation-point pressures
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APPENDIX A — Continued

of 0.1 and 1 MN/m2, and a velocity range of 1.52 to 12.2 km/sec. The results of refer-
ence 43 were correlated to within 5 percent by the expression

N oo \0-3376
t
NGV .62t (19)
Py by

VNRe ,W,S

for the heat-transfer parameter. The basic relation for ¢; is (ref. 54).

. -1 NNu,w
% = Npp w m
e’w’

and substituting equation (19) into equation (20) yields the expression

Pt - ) (20)

-1

Elt - 0'62Npr,w(pt“'t>0.3376(

Pwuw)o'1624(ht ) | (21)

For velocities from 12.2 to 21.3 km/sec, the results of reference 43 were correlated to
within 5 percent and the heat-transfer parameter was found to be

. pop \0-205
—M-=o.465< t t) (22)

: o
VNRe,W,S whw

The value of u; in equations (21) and (22) is obtained from a numerical intérpolation of
the viscosity data of reference 47,

Zoby

In reference 44, Zoby presents a simple empirical relation for predicting
stagnation-point heat-transfer rates.in several gas mixtures, including air. This rela-
tion has the form

= | Ko - by @)

where rg is the effective nose radius and Kj is a constant intended to account for the
effect of thermodynamic and transport properties of the gas at the wall and external to
the boundary layer. The constant K; was determined in reference 44 by fairing a
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APPENDIX A — Concluded

straight line through results of prediction methods and experimental measurements on a
plot of Qt\’re/pt as a function of h - hy,.

The effective nose radius is defined in reference 55 as the hemispherical radius
which produces the same velocity gradient as that computed for a blunt body which is not
hemispherical. Since hemispherical heat-transfer probes will be used in the Langley
6-inch expansion tube and expansion tunnel, the effective radius is identical to the geo-
metric nose radius (that is, re = rg).

Transverse cylindrical heat-transfer probes will also be used. For these probes
(assuming the flow about the cylinder is two dimensional), the stagnation-point heat-
transfer rate is related to that of a sphere by the expression (from ref. 56)

(qt)sphere = V_z_(qt>cylinder (24)
For air, equation (23) takes the form

P
. -4 5t
q, = 3.8798 x 10 -I-E(ht - hw) (25)

27



APPENDIX B
TRANSPORT PROPERTIES FOR HIGH-TEMPERATURE AIR

As discussed in reference 45, discrepancies in the results of theoretical stagnation-
point heat-transfer studies can generally be attributed to (1) the assumptions employed to
reduce the governing equations to a tractable form, (2) the mathematical technique used
to solve the governing equations, and (3) the source of thermodynamic and transport prop-
erties used. Aspects (1) and (2) have been fairly well standardized. However, as pointed
out in reference 45, uncertainties exist in the evaluation of transport properties of high-
temperature (ionized) air and may result in appreciable uncertainty (up to 20 percent or
so0) in the calculated stagnation-point heating rate. (It should be noted that the findings
of ref. 57 indicate a more insensitive relation between transport properties at high tem-
peratures and calculated §; than the findings of ref. 45.)

Cohen (ref. 39) states that as more accurate values of transport properties for real
air become available, a better estimate of stagnation-point heat-transfer rate should be
possible with equation (10). Cohen suggests that the coefficient and exponents appearing
in his expression (eq. (10)) should be valid with these more accurate transport properties.

As shown in the recent study of reference 48, the viscosity data of Hansen for tem-
peratures above 1500 K appear to be too low, deviating from the results of reference 48
by as much as 25 percent for temperatures to 8000 K. The viscosity results of refer-
ence 47 agree closely with those of reference 48. In reference 48, where dissociation but
not ionization phenomena are considered, this discrepancy is attributed to the fact that
Hansen uses simple kinetic theory and rough approximations for collision cross sections.

Because of the inexact knowledge of the transport properties of high-temperature
air and the belief of Cohen that existing expressions may be valid with usage of more
accurate transport properties, the viscosity results of both reference 46 and reference 47
are made available to the expressions of references 39 to 43. This permits the user of
the procedures of this study to choose transport properties from reference 46 or 47 in

predicting qt (see appendix E).
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APPENDIX C
CALCULATION SCHEME FOR INDIVIDUAL DATA-REDUCTION PROCEDURES

ITEST =1

In the ITEST =1 procedure, p; and V3 are measured inputs, and a second
free-stream thermodynamic quantity is determined. This is accomplished by estimating
a value of py from equation (5), since p; is also a measured input. This value of By
is believed to be within approximately +3.5 percent of the actual value. Then p; and P
are used as inputs to SAVE (2) to obtain the corresponding free-stream thermodynamic
quantities.

With known values of P and V; and relatively accurate values of py and hy,
the DIRECT iterative procedure is performed. The calculated p; obtained from
DIRECT is compared with the measured p; and if not within TOLPT, hj; is adjusted
by using the relation

_ (hl)prev(pt)c,prev
(pt)m

h (26)

1

This new value of h; is used, in conjunction with pj, as input in SEARCH (1). The
corresponding value of Py obtained from SEARCH (1) is used in DIRECT. (Note that
51 from eq. (5) was used only to obtain a relatively accurate first estimate of h;y and

is not involved in the final phase of upgrading h1.> The (pt> from DIRECT is again

c
compared with (pt>m. This procedure of varying hj according to equation (26) is con-

tinued until (pt> c t)m'

Additional free-stream parameters of interest are ajy, sl/R, Ty, 2y, Zl*, and
YE. 1° These parameters are all included on the AEDC tape and thus are available from
b

is within TOLPT of (p

SEARCH (1) for the final value of hj; and the known py. Other free-stream parameters
of interest are Mach number, coefficient of viscosity, and Reynolds number. The Mach
number is found by dividing Vi by aj. For Tjp =1500 K, the coefficient of viscosity
{  is obtained from Sutherland's expression (eq. (12)), whereas for Tqp > 1500 K, pu is
obtained from interpolation of the results of reference 47. The unit Reynolds number is
found by dividing the product p1V1 by by
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APPENDIX C — Continued

- ITEST =2

In the ITEST =2 procedure, the only known free-stream flow quantity is V{ and
the known postshock conditions are p; and qt'

Since the procedure ITEST =5 (to be discussed subsequently) was the first to be
programed for computer usage, it was used to calculate qt from the theoretical expres-
sions of references 39 to 43 and the empirical expression of reference 44. (See appen-
dix A.) The five theoretical predictions, the average of these predictions, and the empir-
ical prediction of Zoby were compared. (See fig. 2.) This comparison led to the adoption
of the empirical relation of Zoby (eq. (25)) for T = 4500 K. For T; < 4500 K, the the-
oretical expression of reference 41 (eq. (17)) was adopted, with Npe =1 and with u4
obtained from Sutherland's viscosity expression (eq. (12)) for T; = 1500 K and from
interpolation of the results of reference 47 for 1500 K < T; < 4500 K.

The calculation scheme for ITEST =2 begins by determining h; from equa-
tion (25), with Pt qt, and rg as measured inputs and hy obtained as discussed in
appendix A. Then h; and p; are used as inputs to SEARCH (1) to obtain the postshock
stagnation conditions.

If T;Z 4500 K, these stagnation conditions from SEARCH (1) are assumed to be the
correct values. If Ty < 4500 K, the relation of reference 41 (eq. (17)) is used to obtain a
value of h¢, as will be discussed subsequently. The postshock stagnation conditions that
have been found and the known value of V1 are used to obtain a value of hj from equa-
tion (4). An estimate of py is obtained from equation (5) and used in conjunction with
h; as input to SEARCH (3) in order to obtain the corresponding free-stream conditions.
The DIRECT iterative procedure is used to determine the postshock static conditions and
a value of (pt)c' If this (pt)c is not within the prescribed tolerance (TOLPT) of the

measured Pi» the free-stream static pressure is adjusted according to

_ (p1>prev(pt>m @)

(pt)c,prev

This value of p; and the previously determined h; are used with SEARCH (1) to obtain
upgraded values of free-stream flow quantities, which are then used in DIRECT. This
iterative procedure, based on equation (27), is continued until the desired agreement
between (pt)m and (pt) c is obtained. Additional free-stream and postshock conditions

of interest are determined as for ITEST = 1.

For the case where T <4500 K, initial estimates of hy and p; are obtained by
using the h; value from equation (25) and the measured p; as inputs to SEARCH (1) to
obtain p;. Then p; is obtained from equation (12) for T =1500 K and from the
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results of reference 47 for 1500 K < Ty < 4500 K. The p, Py, and hy values are
found from equations (12), (13), and (14), respectively. The value of p; is initially set
at zero in equation (15). Since in most instances Py >> Py (for example, by > 10p1

for My >2.75 inideal air), neglecting Py in equation (15) will not result in an appreci-

able error. (The term p, - p; appears to the 0.25 power in eq. (17).) The calculated
Elt from equation (17) is compared with the measured qt. If not within the desired tol-

erance, h; is varied according to the relation

(ht - hw)prev(ilt)m
(qt>c

and the procedure is repeated. After h; is obtained, the free-stream conditions are

+ hy (28)

h't=

determined as discussed previously. A value of B is calculated with p; included and
compared with the value of 8 when py = 0. If these B values are not within a pre-
scribed tolerance, the upgraded value of B is used in equation (17) and the procedure is
repeated.

ITEST =3

The measured postshock conditions for the ITEST =3 procedure are Pt and Elt'
Hence the method for obtaining the postshock stagnation conditions is the same as that for
ITEST = 2. The INVERSE iterative procedure is then used. In INVERSE, a value of b))
is estimated and the corresponding postshock static conditions are obtained. The mea-
sured py is used to obtain V; by combining equations (1) and (2) to yield

Pg =Py

+V 29
ooV 92 (29)

Vi=

Then p, is found from equation (1) and hy from equation (3). This h; and the mea-
sured p; are used as inputs to SEARCH (1) to obtain the corresponding free-stream
conditions. If the p; value from SEARCH (1) is not within the desired tolerance
(TOLRHO) of p; obtained from equation (1), Py is varied and the procedure repeated.

The iterative procedure on Py in INVERSE is as follows: An upper and a lower
limit on pgy are established as discussed previously. The upper limit is taken as the

first value of pg (that is, pza = (pz)gp). A value of Ap is obtained from
a a
Ps)up - (P2)
Apa=( Z)up 4( 2/low (30)
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With pza, a value of pq is obtained as discussed above. If

(P1)eq. (1)

(P1)sEArCH (1)

= TOLRHO (31)

then the value of pza is considered satisfactory. If the condition of equation (31) is not

met, and if (pl)SEARCH (1) > (pl)eq. (1)’ then

but if (p1>SEARCH (1) < (pl)eq. (1)’ the limits of p, are varied according to

(Po)fow = P2” (332)

(P2)up 1o p,%+ ap® (33b)
A new value of Ap is calculated (Apa+1), and p2a+1 becomes

pzcu+1 - (p2>1c1u;1 _ Apoz+1 (34)

The procedure is repeated with pz‘”1 and new values of py are obtained. This iter-
ative procedure is continued until the Py value obtained from equation (1) is within the
desired accuracy of the p; value from SEARCH (1).

In the course of this iteration, it is possible that values of hj; less than the mini-
mum value of hj on the AEDC tape (or even negative values of h1> may occur. In this
case, the pg for which this occurred is varied according to equation (34) and the calcu-

lation scheme is continued.

ITEST =4
The measured inputs for the ITEST =4 procedure are Py Vi, and E{t. The

first consideration is to obtain an estimate of hy or p;. Combining equations 4
and (25) and solving for p; gives
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_rg(2.57745 x 1o3qt)2

(hl - hy + % V12>
Assuming hy - hy << -;— V12 and introducing equation (5) into equation (35) yields
_ 2.6841x 107rg'qt2
Vi

(An expression for hj in terms of the measured inputs was obtained by combining equa-
tions (4), (5), and (25). However, this expression proved to be unsatisfactory since rela-
tively small errors in qt and Vi often resulted in hj < O.) The uncertainty in 51

is dictated by the validity of the assumption hj - hy << % Vlz, by whether T; Z 4500 K
(region where eq. (25) is considered valid), and by the relatively small uncertainty in C
of equation (5). Calculations for typical expansion tube tests, where hy - hy <<% Vlz
and T; 24500 K showed that 51 was approximately 2 to 5 percent greater than the

actual value. However, calculations for a few shock tube cases, where T Z 4500 K but
hj - hyy was not much less than % V12, showed that 51 was much smaller than the

actual value. For this procedure, limits on P that should prove to be valid for nearly
all cases are

(pl)up = 2'0551

(P1)10w = 0-207;

For Mach numbers greater than 8 or so, these limits may be refined to

(p1>up = 1.05p;

(P1)10w = 0-850,

33



APPENDIX C — Continued

Again, the user is urged to adjust these limits so as to minimize the range of iteration
on py for his particular problem.

The ﬁl and measured py; are used as inputs to SEARCH (2) to obtain the corre-
sponding free-stream conditions. With estimates of p; and hj; and known values of
py and V,, the DIRECT iterative procedure is used to find postshock flow conditions,
including qt. This calculated Elt is compared with the measured Elt, and if not within

the desired tolerance (TOLQT), the value of py is varied and the procedure repeated.

The iterative procedure on Py for the case where My > 8 is as follows: When
the upper and lower limits on Py have been established, the initial value of py 1is taken

to be 0.955, (that is, p;%= 0.9551). A value of Ap? is obtained from

(a4 (4
Ap® = (°3)up ;(p1>10w . (37)

With pla and p,, the corresponding free-stream conditions are obtained from
SEARCH (2), and DIRECT is used to find the postshock conditions. A value of Elt is
calculated. If

(3)m
(qt)c
then the value of pla is considered satisfactory. If the condition of equation (38) is not
met, and if (qt)c > (qt)m’ then

1- < TOLQT (38)

p1a+1 _ pla _ Apa (39)

but if (qt)c < (qt)m’ the limits of p; become

(pl)ﬁ‘; 1. p ® +ap”® (40a)
(pl)fgnl =p,® (40b)

1

A new value of Ap is calculated <Apa+1> and p1a+ becomes
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a+l a+l a+l
Py =(P1)up - Ap (41)

This iterative procedure is continued until the condition of equation (38) is satisfied.

ITEST =5

The inputs for the ITEST =5 procedure are P1s Pi» and V. The values of Pq
and p; are used as inputs to SEARCH (2) to obtain the corresponding free-stream con- .
ditions. Then the postshock conditions are obtained from DIRECT.

ITEST =6

In the ITEST =6 procedure, the measured inputs are P1> Pys and Pi- The
free-stream thermodynamic conditions are obtained as for ITEST = 5. The value of Vy
is estimated from equation (5) and the DIRECT iterative procedure is employed. The
calculated P; from DIRECT is compared with the measured o8 and, if within the
desired tolerance (TOLPT), the estimated Vj is considered satisfactory. If not within
the desired tolerance, the V value is adjusted by using the formula

(42)

This new value of V{ is used in DIRECT. Then V; is upgraded according to equa-
tion (42) until (pt) o is within TOLPT of (pt)m.

ITEST =7

The measured inputs for the ITEST =7 procedure are P1s P and P- The
postshock stagnation conditions are obtained by using p, and p; as inputs to
SEARCH (2). The INVERSE iterative procedure is employed. When P9 has been esti-
mated and the corresponding postshock static conditions have been determined, V; is
obtained from equation (1), p; from equation (2), and hj; from equation (3). Then p;
and h; are used as inputs to SEARCH (1), and the corresponding p; from SEARCH (1)
is compared with the measured p;. If not within the desired tolerance (TOLRHO), Py
is varied and the procedure repeated. The variation of Py is the same as in the
ITEST =3 procedure, with the condition (pl) ¢S (pl) m replacing the condition

(pl)SEARCH (1) < (pl)eq. 1) of ITEST =3. Inthe course of this iteration on p,, it is

possible that negative values of p; and hj may occur. If so, then the limits on py

35



APPENDIX C -~ Concluded

are adjusted according to equation (32), a new value of Py is found, and the calculation
scheme is continued.

ITEST =8

The measured inputs for the ITEST =8 procedure are py, py, and p;. The
postshock stagnation conditions are determined as for ITEST = 7. The INVERSE itera-
tive procedure is employed in the same way as in ITEST = 3.

ITEST =9

In the ITEST =9 procedure, the measured inputs are Vj, p;, and pi- The
postshock stagnation conditions are determined as for ITEST =7. Then hj is obtained
from equation (4) and p; is estimated from equation (5). The corresponding free-
stream conditions are obtained from SEARCH (3). The DIRECT iterative procedure is
employed and p, is upgraded as in ITEST = 2 (that is, according to eq. (27)) until

(pt)c is within the desired tolerance of (pt)m'
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APPENDIX D

LISTING OF COMPUTER PROGRAM FOR DATA-REDUCTION PROCEDURES
WITH SAMPLE DATA PRINTOUT

The data-reduction procedures for determining free-stream and post-normal-shock
flow conditions for real air in thermochemical equilibrium are incorporated into a single
computer program. This program is written in FORTRAN IV language for a Control Data
6600 series computer. Minimum machine requirements are 130 000 octal locations of

core storage. A listing of this program, including subroutines and comments, is repro-
duced on the following pages.
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JOB+1+1000,130000,6000., A3238 RGK143 12474

CENT

USFReMILLERs CHARLES G 1171 000605575N 34540

RUN(S)

REQUEST+TAPESB+HY e 70=0424+ROL yCGM

REWIND(TAPF8) s

SETINDF« o

LGOe D

UNLOAD(TAPFB)

FX1Tes

UNLOAD(TAPF8) s

PROGRAM MILLER(INPUT OUTPUT s TAPES=INPUT TAPE6=0UTPUT+TAPES)

COMMON /BLK1/ RHOS54H54S5R4T5+A50754GAMES . ZSTARS,4 ICODE

COMMON /BLK2/ RHOTSqHT515T5RnTT51AT5sZT5qGAMETSqZSTARTSqPTS

COMMON /BLK3/ TWE«TAUsTWesQTEDE+SPHs TWALL ETASAV

COMMON /BLK4/ NV,sITsRsMM4s ISP +NCO4MNsGAMESS

COMMON /BLKS5/ P54yUS5+M5eMUSsRES+QTE5FR«QTSHOS«QTSCOWQTSZ04QTSPT

COMMON .- /BLK6&/ P554T559sRHOS5S4H5S1A55+2554USSeMS5SIMUSSYRESS 4 S5SR

COMMON /BLK7/ RN.TOLDT»TOLQTqTOLRHOcYOSoODOvITEST

DIMENSION RESULT(2)

O |0 |0y (U | W

REAL M5 4MUS s MES sMUSS sMUWIMUTSINUWL AM

(o]

NAMEL IST /INP/ PSMsUSMIRHOSMPTEMaQTSEMIRHOTSMs ITESTIRNSTWE s TAUS TOL

[
—

1PT+TOLQT+TOLRHO YOS+ QDO SPH TWALL +ETAWRUNSSAY

b
o

CALL DAYTIM (RESULT)

]

1 PS5SM=PT5M=RHOSM=RHOTSM=QT5M=UUSM=0+0

bR -~ - = b~ D= D= = o

—
»

TOLPT=TOLRHO=.001

TOLQT=4005

SPH=TWALL =0,

YOS=QDO=SAV=1.

TWF=300,

RN=en]

FTA=2.045"+8

TAU=,0001

READ (5+INP)

15

IF (FNDFILE 5) 1642

16

7 ICODF=0

17

NV =9

18

17=8

19

R=28740245

20

MM =0

21

15P=1

22

NCO=n

23

PRINT 17+ RFSULT(1)

24

PRINT 18

> (> (> (> (2> > >

25
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"PRINT 19

e A 26
PRINT 20 _ T - o A 27
PRINT 21 A 28
PRINT 22+ RUNJ'PSM,USM PT5M,GT5MeRHOSMRHOTSM TAU A 29
GO TO (Bel4+417¢848a110110110s ITEST A 30
c U i A__31
c ITEST 1 CONTAINED IN MAIN PROGRAM A 32
[ o _ o A 33
3 PT5=PT5M - A 34
P5=PaM o - A 35
US=UsM A__36
RSEST=PT5/(+965%US*%2) - A 37
RHOS=R5FST - A 38
I L - A 39
C IF_SAv=0, THERMODVYNAMIC PROPERTIES OBTAINED FROM AEDC TAPE A 40
c IF _SAv=1, THERMODYNAMIC PROPERTIES COMPUTED FROM CURVE-FIT A4l
¢ A 42
CALL SAVE (P5+RHO5,H5,S5R.T54A5425,GAMES2) A 43
CALL DIRECT (PTSM) - A 44
GO To 15 - . e A 45
4 IF (ITEST«EQ¢3) GO Tn S5 L A 46
XX =USM - A 47
GO TN 6 A 48
5 XX=P&M ~ B A 49
6 CALL PROCZ (PTSM,QTS5MyXX) __ A 50
GO Tn 1S i . A 51
7 CALL PROC4 (PSM,USM,NT5M) - A 52
0 1n 15 - - A 53
8 IF (ITESTEQe3) GO T O A 54
YY=PTSM I . A 55
GO Tn 10 A 56
9 YY =ysM . . L A 57
10 CALL PROCS5 (RHOSM+PS5mMeYY) A 58
GO TA 15 A 59
11 IF (JTESTWSEQe?) GO TN 12 A__60
IF (ITEST.EQe8) GO TN 13 A 61
YY=tEM A 62
GO TN 14 _____ﬁf_» A 63
B YY=RHOSM - A 64
GO TN 14 _ A 65
13 YY=P5M A 66
14 CALL PROC7 (PT5M4RHOT5M,YY) - A 67
15 IF (1CODE«EQel) GO TN 1 A 68
M5=US/AS A 69

penunjuo) — d XIANAIAV



oF

C A z0
¢ OBTAIN MUS(USING RESULTS OF _YOS) AND RES FROM QDOT A 71
c ~ - N A 72
CALL QDOT (OesNaes04) . o A 73
- A 74
I OBTAIN PREDICTED GTS FROM GDOT IF_INPUT QDO IS NOT 0 A 75
c A 76
CALL QDOT (OesOesle) - A 77
PRINT 23 - A 78
PRINT 24 ~ - L A 79
PRINT 25+« PS4sRHOS54 TS5 H5+1S5R4Z5+4GAMES A5 UE M54,RES A 80
PRINT 26 - L A 81
PRINT 24 - A 82
PRINT 25+ P5S+RHOS5S,T55+H5S s S55R+255+GAMESS s ASSsUSS e MSS 4RESS A 83
PRINT 27 B . A 84
PRINT 28 - - - A 85
PRINT 29+ PTS5.RHOTS+TTS«HT5+STSR.ZTS5+GAMETS54ATS A 86
IF (ODO+EQ«Ds) GO TO 1 A 87
PRINT 30 - A 88
PRINT 31 e A 89
PRINT 32+ QT5COsQTSHOSsQTS5FRIQTSPTIQTSDE 1QT5Z0 RN A 90
GO Tn 1 - - A 91
16 sTOP A 92
c L o A 93
17 FORMAT (1H1+A10//) - - ~ A 94
18 FORMAT (44H  REAL-ATR DATA REDUCTION PROGRAM OF MILLER) A 95
19 FORMAT (/53H  ALL PHYSICAL QUANTITIES IN MKS UNITS— NASA SP-7012) A 96
20 FORMAT (///17H MEASURED INPUTS) L I L A 97
21 FORMAT (/79H RUN P V1 PT QT R A 98
. 1HO1 RHOT TIME) - A 99
22 FORMAT (BE10e3) o o A 100
23 FORMAT (///24H FREF-STREAM CONDITIONSY) A_101
24 FORMAT (/107H P RHO T o H_ _S/R A 102
1 7 GAME A Y, M NRE) A 103
25 FORMAT (11F1043) A 104
26 FORMAT (///39H STATIC CONDITIONS BEHIND NORMAL SHOCK ) A 105
27 FORMAT (///43H STAGNATION CONDITIONS SEHIND NORMAL SHOCK) A 106
28 _FORMAT _(/75H P _____.RBRHO. _ T ___ . _H_. .. _ _S/R ___A 107
1z GAME A) e A 108
29 FORMAT (8F10e3) e o i A 109
30 FORMAT (///44H STAGNATION POINT HEAT TRANSFER PREDICTIONS) A 110
31 FORMAT (/65H QTCO QTHOS QTFR QTPT QTDE Q_ A 111
1720 RN) - A 112

32 FORMAT (7E10,3) A

113
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END

114-

SUBROUT INE PROCZ (PT5M.QTSMa XX)

A

B 1

COMMON /BLK1/ RHOS+HR+S5R+T5+A5125+GAMES + ZSTARS « | CODE B 2
COMMON /BLKZ2/ RHOTS+HT5+5T5R«TTS+ATS5+12T51GAMETS+2STARTSPTS B 3
COMMON /BLK3/ TWE«TAUITWIQTSDE +SPHTWALL +ETA+»SAV B 4
COMMON /BLK4/ NVeITsReMM, [SPaNCO+MN+GAMESS 8 S
COMMON /BLKS/ P5,US+M5+MUS+RES+QTSFRQTSHOSsQT5C0QT5Z0+ QTSP T B 6
COMMON /BLK6/ PSS+TS5S+RHOGS+H551A55+Z2554U55+MSS yMUSS sRESS » S55R B 7
COMMON /BLK7/ RN, TOLPT+TOLOT +TOLRHOsY0S+0D0s ITEST B 8

REAL MS5eMUSsMS5S 4MUSS ,MUW s MUTS s NU s LAM 8 ©

c B__10
c FOR ITEST=2s XX=USM AND USE DIRECT g8 11
C FOR ITEST=3+ XX=P5M AND USE I[NVERSE T B 12
c B 13
PTS=pTSM B 14
QT5=QT5M - B 15

c B__16
C TWALL MUST BE O(TW=TwE) OR BE 1 B 17
c B 18
c FINITE VALUE OF ETA(=CP¥RHO¥K) MUST BE FURNISHED B 19
TWETWE+1 « 7725%QTSB*¥TWALL*¥SQRT (TAU/ETA) o B 20
HW=1,0046E+3%TW T B 21

HTS=2 e 57745E+3¥QTS*SORT (RN/PTS)¥2 4 ¥ ¥ (SPH/2,4 ) +HW B 22

IF (ITESTeEQe3) GO TO 1 ~ B 23

c ) B 24
c FOR ITEST=2+ ESTIMATF INITIAL BO BY SETTING P5=0 B 25
c - B 26
P5=0, L B 27

GO Tn 2 8 28

1 P5M=xX B_ 29
P5=PsM B8 30

2 IF _(SAVeEQelas) GO TO 3 B 31
CALL SEARCH (PTS5:RHOTS+HT5+S5TS5ReTTS5¢ATS5+ZT5+GAMETS ¢ ZSTARTS s ISPy 1) B 32

GO Tn 4 o ) B 33

3 CALL SAVE (PT5,RHOTS ,HTSsSTSRyTTSsATSsZTS+GAMETS,3) B_ 34
- B 35
c IF TTS «GEe 4500Ks USE ZOBY RELATION TO OBTAIN HTS B 36
c ] B 37
4 IF (TT5+GE«4500+) GO TO 6 B 38
c B 39
c IF TT5 oLTe 4500Ks USE FAY-RIDDELL WITH MUTS FROM YOS B 40
c 8 a1
5 CALL QDOT (QT5Milesla) B 42
6 IF (1TEST«EQe3) GO TA 10 B 43
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USM=xX B__44
U5=UsM B 45
H5=HT5— e 5¥US**2 B 46
IF (H5.GTel+E+5) GO TO 7 B__47
PRINT 12 B__48
1CODF=1 B 49
GO To 11 B 50

7 RSEST=PT5/( +965*US* %2 ) B 51

RHOS=RSEST B_ 52

IF _(SAVeEQele) GO TO 8 B 53

CALL SEARCH (P54RHO5,HS5+S5RsT51A5425+GAMESZSTARS ISP 43) B 54

GO Tn 9 B 55

8 CALL SAVE (P5,RHOS5.H5¢S5RsT51A5125+GAMES 4 ) B 56

9 CALL DIRECT (PTS5M) B 57

c _ B 58

c BOCOM 1S COMPARISON OF INITIAL BO TO UPGRADED BO(PS5 «NEs 0) B__59

c B__60

BOCOM=SGRT (PT5/ (PT5-p5) ) o B _61

~c ] B 62

~c IF_INITIAL BO NOT WITHIN 4 PERCENT OF UPGRADED BO, REPEAT B_ 63

c B B 64

IF _(ROCOMJLEes1.02) Go TO 11 B 65

GO Tn 5 B__66

10 CALL INVERSE (XX) . o B_67

11 RE TURN - _ B 68

_ . B 69

12 FORMAT (46H H1 IS LESS THAN MINIMUM VALUE ON TAPE,ITEST=2) B 70
END R - B 71-

SUBROUTINE PROC4 (P5M,USM,QTSM) c 1

COMMON /BLK1/ RHOS5,H5455RsT54A5425,GAMESZSTARS, 1 CODE c 2

COMMON /BLK2/ RHOTS5+HTS5+STSRsTT54ATS5,Z2T5GAMET54ZSTARTS4PTS c 3

COMMON /BLK3/ TWEsTAIJ4TWsQTSOE+SPH, TWALL 4ETA4SAV c 4

COMMON /BLK4/ NVsITsRsMMy ISP sNCOsMNsGAMESS c__5

COMMON /BLKS5/ P5.US51M51MUS+RES+QT5FRQTSHOS+QTSC04QT5204 QTSP T c_ 6

COMMON /BLK6/ PS5S4T55sRHO5S¢HS5S1A5S4255,U551M55 sMUSS 1 RESS, S5SR c__ 7

COMMON /BLK7/ RN, TOLPT+TOLQT s TOLRHO» YOS+QDOs I TEST c 8

REAL MSsMUS «M5SsMUSS 4 MUWsMUTS54NU s LAM c 9

NN =0 . o c_ 10

QT5=QT5M - - o _ c 11

P5=PaM e - - c 12

US=UsM ) c 13

c o e L c 14

- TWALL MUST BE O(Tw=TwE) OR BE 1 o c 15

c c

16
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C " FINITE VALUE OF ETA(=CP¥RHO*K) MUST BE FURNISHED ~ Cc_17
TW=TWE+147725%QTS*¥TWALL*SQRT (TAU/STAY ) i cC_ 18
T  HWS140046E+3%TW - B cC 19
 RSEST=2+6841E+7*RN*QGTSMX X2 /USME%e o - Cc_ 20
RHOUD=2 « 05%R5EST - c 21
B _RHOLNW= e 20*¥R5FST . . o o e c 22
- - . ¢ 23
c USFR CAUTIONED ON THFSE LIMITS OF RHOS(RHOI) c 24
e THESF LIMITS SHOULD mE VALID FOR NEARLY ALL CASES T c 25
¢ TO MINIMIZE COMPUTER TIME, SHOULD REFINE LIMITS cC 26
¢ rOR M5 GREATER THAN 10+ LET RHOLOW BE +B5¥R5EST ¢ 27
c AND RHOUP BF 1+05%RSEST - __ c 28
C T T T B T C 29
RHO5=1,45%R&EST 7 - c 30
1 DELRHO= (RHOUP-RHOLOW)/4. ] c 31
IF (NN.EQs0)Y GO TO 2 — ~— T T T EE
- T RHOS=RHOUP-DELRHO T T i c 33
2 IF (SAVeEQele) GO TO 3 ] cC 34
_ CALL SEARCH (P5+RHO5,H54155R+T54A5,754GAMES s ZSTARS ISP42) c 35
TGO T 4 c 36
3 CALL SAVE (PS,RHO54HS+S5R s T51A5125,4GAMES2) c 37
4 PT5=,965*%RHOS*US* %2 e c 38
PTSM=PTS c 39
CALL DIRECT (PT5M) e c a0
IF_(TTS5eLTe4500s) GO TO 6 C__ 41
QT5Z0=3+8798E~4¥%SQRT (PTS/RN) ¥ (HTS~HW ) /2¢ ** (SPH/24 ) c a2
C e C 43
c TOLQT REPRESENTS TOLFRANCE OF ITERATION ON QTS C 44
c i C 45
IF _(ABS(1+4-QT5M/QT5Z0)+LE.TOLQT) GO TO 8 C 46
IF (NN+EQel5) GO TO 7 - c_ a7
NN=NNF1 e C 48
IF (OT5Z0eLT«QT5M) GO TO 5 - c_ 49
RHOS5=RHOS-DELRHO - c_ 50
GO _Tn 2 c 51
5 RHOLAW=RHOS . c_ 52
RHOUP=RHOS+DFEL RHO - c 53
GO TN 1 e C =4
6 CALL QDOT (QTSMoelesls) - c 55
¢ c 56
c TOLQGT REPRESENTS TOLFRANCE OF ITERATION ON QTS c 57
c c =8
IF (ABS(1+~QTSM/QTS5FR)LE«TOLGTY GO TO 8 c 59
IF (NNJsEQe15) GO TO 7 C_ 60
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30

US=SQRT (PT5/(«965*RHOS))

31

GO TN 6

NN=NN+ 1 _ C a1
IF _(OT5FReLT«QT5M) GO TO 5 c 62
RHO5=RHO5~DELRHO c_ 63
GO To 2 C_ 64

7 PRINT 9 C 65
PRINT 10 ) e c_66
1CODF=1 cC_ 67

8 RETURN o cC 68

c c_ 69

9 FORMAT (50H ITERATIONS ON RHO5 EXCEED LIMIT OF 15 FOR ITEST=4) c_ 70

10 FORMAT (21H CHECK LIMITS ON RHO5) c 71
END c__72-
SUBROUT INE PROCS (RHOSM4P5M, YY) D_ 1
COMMON /BLK1/ RHOS.H5¢S5RsT51A5+254GAMES 4 ZSTARS, ICODE D 2
COMMON /BLK2/ RHOT5+1HTS5s5TSR1TTS5+AT5+ZT5:GAMETS51ZSTARTS,P TS D __3
COMMON /BLK3/ TWE+TAlI+TWsQTSDEsSPH, TWALL1ETA+SAV D 4

" COMMON /BLK4/ NVs 1T R+MM4 ISP 4NCOWMNGAMESS D S
COMMON /BLKS5/ P5,U5,M54MU54RE5+QT5FRsQT5H0S+QTSCOsQT520,QTEPT D 6
COMMON_ /BLK6/ P5S,T52+RHO551H551A5S+2551USS M55 MUSSsRESS « S5SR D 7
COMMON /BLK7/ RN, TOLPT«TOLQGT s TOLRHO»YOS,QDOs I TEST- D__8
REAL MS54MUS ¢M5S+MUSS sMUW sMUTS 4 NU+ L AM D 9

c o D 10

c FOR ITEST=5. YY=USM AND USE DIRECT D 11

c FOR ITEST=6+ YY=PT5M AND USE DIRECT D_ 12

c o B o _ D 13

o RHOS=RHO5M e o D 14
P5=P&M B L D 15

} __ IF (ITESTWEQe5) GO TO_1 e D16
PT5M=YY D17

o PT5=PTH5M o o e D 18

. GO Tn 2 _ e _ n__19

_ 1 USM=vY o D__20

_ US=USM o o . D21

2 IF_(SAVeEQele) GO TO 3 L L D 22
CALL SEARCH (P54RHOS54HS54S5RsT51A54754+GAMES,ZSTARS41SP,2) D 23
GO Tn 4 e D 24

3 CALL SAVE (PS+RHOS+H5+S5R.TS+A5+Z54GAMES2) D 25

4 IF _(ITESTWEQeS) GO TN 5 o e D__26

__C e n_27

c FOR JTEST=6, MUST ESTIMATE US FOR DIRECT D__28

c UPGRADING OF US PERFORMED IN DIRECT D29

2 D

D
D

32
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C D 33
c FOR ITEST=5+ MUST ESTIMATE PTSM FOR USE IN DIRECT D 34
c - D 35
5 PTS=4965*RHOS*US* *2 D 36
PT5M=PT5 D 37
6 CALL DIRECT (PT5M) D_38
RETURN D 239
FND ~ D__40-
SUBROUT INE PROC7 (PT&M,RHOTSMsYY) E 1
COMMON /BLK1/ RHO5+H%+55R,T5+A5+254+GAMESZSTARS, [ CODE E 2
COMMON /BLK2/ RHOT5+HT5+1STSRTT54AT5+12T154GAMETS5+125TART5,PT5 E 3
COMMON /BLK3/ TWE+TAU+TWsQT5DESPH TWALL +ETA +SAV E_ 4
COMMON /BLK4/ NV IT R+MM4ISPsNCO,MNsGAMESS E 5
COMMON /BLK5/ P5sUS5+M5sMUS,RESsQT5FRIQTSHOSsQTSC02QTS5Z0+ QTSP T E 6
COMMON /BLK6&/ P5S+T524RHO5S4H5S s A5S s Z55+US5S5 e M5S+MUSS 4 RESS » S5SR E_ 7
COMMON /BLK7/ RNsTOLPT+TOLQT s TOLRHO+YOS+QDOs I TEST E 8
REAL M54 MUS s MSS sMUSS yMUW s MUTS e NU s LAM E 9
c E__10
c FOR ITEST=7s YY=RHO5M AND USE INVERSE E_ 11
c FOR ITEST=Bs YY=P5M AND USE INVERSE ___ E_12
c FOR ITEST=9, YY=USM AND USE DIRECT E 13
¢ E 14
PTS5=PT5M E_ 15
RHOT5=RHOT5M E 16
IF (SAVeEGele) GO TO ! ) - E 17
CALL SEARCH (PT51RHOTS+HTS51STSR1TT5+:ATS+2T54GAMETS54ZSTARTS51SPs2) E 18
GO To 2 E .19
1 CALL SAVE (PT5+RHOT5,HT5+STER1TT54,AT5+2T5,GAMETS5+2) E_ 20
c E 21
c AT THIS POINT, KNOW STAGNATION CONDITIONS EXACTLY E 22
c E_ 23
? IF _(ITEST«EGe9) GO To 3 E 24
CALL INVERSE (YY) E_25
GO Tn 7 E__26
3 USM=yY E_27
Us=usM E__28
HES=HTS - ¢ S¥US**2 [ 29
IF (H54GT«1+FE+5) GO TO 4 E 30
PRINT 8 E 31
1CoDF=1 E_ 32
GO Tn 7 E_ 33
4 RSEST=PT5/(+965*US¥*%2) E 34
RHO5=RSEST E 35
IF _(RAVeEQele) GO TO 5 E__36
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CALL SE

ARCH (PS+RHOS ¢HSsSSR e TS 1A54Z5 +1GAMES 1 ZSTARS41S5P3)

E a7
GO TO 6 F__A38
5 CALL SAVE (P5+RHO5,H5455RsT54A5+25,GAMES s 4) E 39
6 CALL DIRECT (PTSM) . E 40
7 RETURN E__41
C E__42
8 FORMAT (50H H1 1S LF&S THAN MINIMUM VALUE ON TAPE FOR ITEST=9) E 43
END : : E 44—
SUBROUTINF DIRECT (PTSM) F 1
DIMENSION X(4)s Y(499:150)s Z(9)s Ul4)s VI(a)e W(4)e NP(4) = 2
NIMENSION TABP(3)s TABH(3) E 3
COMMON /BLK1/ RHOS5.H54S5R+T5+A54 754 GAMES+ZSTARS,. I CODE E 4
COMMON /BLK2/ RHOTS+HTS4STSRTTS5+ATS+ZTS5«GAMETS+ZSTARTSWPTS F 5
COMMON /BLK3/ TWE«TAUsTWIQTSDEWSPHs TWALLWETA s SAV F 6
COMMON /BLK4/ NVsITsReMM4s ISP «NCO+MNYGAMESS F 7
COMMON /BLKS/ PS5:U5:M51MUSIRES«QTSFRIQTSHOSIQTSCOsQTSZ04,QTSPT F 8
COMMON /BLKBE/ P5SeTE5SsRHOSS 1 HSS 1 A5S 4 Z5S5USS e MSS s MUSS I RESS 4S58R F =)
COMMON -/BLK7/ RNesTOLPT+ TOLGT s TOLRHO s YOSsQDO I TEST F_ 10
COMMON ICOUNTIMET (2)3sNP4sABARME 4 MF F 11
REAL M51MUS 4M5SeMUSS JMUW s MUTS 9 NULAM F 12
IMET(1)=IMET(2)=0 F__13
c F__ 14
c DIRECT PERFORMS NORMAl SHOCK CROSSINGs PRE-TO-POST F__15
o F__16
1 BSNS=RHOS¥US F 17
CSNS=PS5+BSNS*)5 i F 18
DSNS=HS+ ¢ 5% US*k*2 e F 19
HTS=HS+ e S¥US*¥ %2 F_ 20
CALL SAVE (PT54+RHOTS JHTS5+STSReTTSsATS+ZTSeGAMETS +3) F_ 21
RHOS5G= ¢ 955%¥RHOTS L F_ 22
2 USS=RSNS/RHO5S F__ 23
PSS=CSNS-BSNS*¥U5S S F_ 24
HES=NSNS~ « 5EUSS¥ %2 o F_ 25
IF (SAVeEQels) GO TO 3 o F_ 26
CALL SEARCH (P5S+RNEWIsHSS+S5SRT554A554255,GAMESS + ZSTARSS. ISP 1) F__27
GO Tn 4 _ F__ 28
3 CALL SAVE (P5S+RNEWIHS5S45S55R+T5S51A55+:7255+GAMESS3) F_ 29
4 IF (ABS(1e—RHOSS/RNEW)¢LE+e001) GO TO 5 F_ 30
RHOSS=RNEW F__ 31
GO To 2 F_ 32
5 RHOS5S=RNEW £33
M5S=y55/A5S F_ 34
HTSR=HTS5/R F_ 35
F'

IF (SAVasEQele) GO TO 6

36
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o XX=5mSR F_ 37
Z(4)=ALOG!C (HTSR)Y T =T~ R
T C-AI*S_L_O_\A_I_—( XXeZr 4 !3! IT NVQNEQR'Y.X) T T T T E 239 o
pTS—(lo.**Z(a))*1.0112%514' e T T F 40
- GO Tn 8 R s T F a1
6 PTS=PSS¥ ([ e+ ( (GAMESS=14)/2+ ) ¥M5S¥ %2 ) ¥¥ (GAMESS/ (GAMESS=19)) F a2
T TABP (1) =«95%#PTS ’ T TF Taz
TABP (2)=PT5 T T T T e FE a4
TABP(3)=1.05%PT5 T T T T F a5
- D0 7 I=1.3 T e o T T T - F a6
PTS=TABP (1) T T o o T - F 47
CALL SAVE (PT5+RHOT5,HT5A555RTT54AT5+2154+GAMETS41) F 48
TABH (1)=HTSA e F 49
7 CONT INUE - B T F 50
CALL FTLUP (HT54PTS5.243.TABHsTABP) _‘“ F 51
CALL SAVE (PT54RHOTS,HTS54S5SR1TT54ATS1ZTS1GAMETS 1) F 52
:) IF (ITEST«EQe4sOReITFSTeEQe5) GO TO 13 o F 53
IS F 54
c TOLPT REPRESENTS TOLFRANCE OF ITERATION ON PTS F 55
[ L R F 56
IF (ABS(I.—PT%M/PTS).LE.TOLPT)_QQ_TO_i§_~__ F_57
IF (ITESTeEQe2¢O0RsITFSTeEQs9) GO TO 10 F 58
IF (1TEST«EQel) GO TN 9 F_ 59
US=UG*SQRT (PTSM/PTS) B ] F 60
GO Tn 1 - F_ 6l
= HS=H=¥PT5/PTS5M - - F 62
GO Tn 11 - - - F 63
10 P5=Ps*PTSM/PT5 B - F 64
11 IF (SAVeEQele) GO TO 12 F_ 65
CALL SEARCH (P54RHO5,H5+55R+T75+A5425+GAMES+ZSTARS4 ISP, 1) F 66
GO Tn 1 F 67
12 CALL SAVE (P54RHO54H5sS5R,T54A54254GAMES +3) F 68
GO To 1 - N F_ 69
13 IF (SAVeEQels) GO TO 14 - F_70
CALL SEARCH (PTS54RHOTSsHTS5+STSRsTTS5sATSZT5+GAMETS s ZSTARTS s 1S5P 1) F_ 71
GO Tn 15 _ F_ 72
14 CALL SAVE (PT5.RHOTS HT51STSRaTTS+AT5+Z2T5¢GAMETS ¢ 3) F 73
15 RFTUBN F 74
END - F 75~
SUBROUT INE INVERSE (77) G 1
DIMENSION X (4)e Y(4+49,150)s Z(9)s U(4)e VId)s W(&)s NP(4) G 2
COMMON /BLK1/ RHOS.H5,S5R,T54A54254GAMES s ZSTARS, [ CODE G 3
COMMON /BLK2/ RHOTS+HT515T5RTTS+ATS+2T5+sGAMETS+ZSTARTS.PTS G 4
COMMON /BLK3/ TWE+TAle TWsQTSDE+SPHs TWALL +ETA ¢ SAY G 5
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COMMON /BLK4/ NV ITsReMMs ISP «+NCO¢sMNyGAMESS

G _ 6
COMMON /BLK5/ PS,yU5+M54MUS+RES+QT5FRQT5HOSsQTSC0.QT520,4 QTSP T G 7
COMMON /BLK6/ PS5S,+T5S1RHO5SsHS5S1A5S+Z55+1USS M55 4MUSSeRESS » S5SR G 8
COMMON /BLK7/ RN, TOLPTsTOLQT s TOLRHO YOS QDO ITEST G__ 9
COMMON ICOUNT s IMET (2) 4 NP+ ABARsME o MF G _10
- REAL M5 ,MUS4MS5SIMUSS sMUWIMUTS s NUSLAM B G611
IMFT(1)=IMET(2)=0 G_12
c ' e G _13
~c INVERSE PERFORMS NORMAL SHOCK CROSSINGy POST~TO-PRE G__14
< G_ 15
XX=STSR G__16
— .__MM=0C S . o G 17
PLOW= ¢ 850%PT5_ e G 18
i PUP= ,97Q%*PT5 e G__19
- C S . G__20
€ USER CAUTIONED ON THESE LIMITS OF PSS(P2) G 21
c IF Ms LESS THAN 3, MAY HAVE TO LOWER_ PLOW G __22
_cC TO MINIMIZE COMPUTER TIME,SHOULD ALSO LOWER PUP G_ .23
__c S G__24
. PsS=pYP L e G__25
1  DELP=(PUP-PLOW)/4e ] . _ G 26
B IF _(MMWEQGe0)Y GO TO 2 . e G 27
P5S=pUP-DELP G 28
2 IF (SAVeEQele) GO TO 3 G 29
 Z(3)=ALOGIO0(P5S/1e01325E+5) G_ 30
 CALL SLOW (XX+Z+3+441TeNVINERRsY»%)> B 6 31
 CALL SLOW (XX+Z13424s1TaNV4NERRsY.x) G132
__________ H5S=(10e*%¥Z (4) ) ¥R e G_ 33
RHOSS= (1 )Je ¥*Z(2)) ¥1 42914889 G__34
L GO Tn 4 . L . - G_ 35
3 CALL SAVE (P5SsRHO5S,H5S+STSR1T554A55125S+GAMESSe1) G 36
a4 USS=cQRT (2% (HT5=H55) ) e B G__37
IF_(MM.EQ.35) GO TO 13 G638
_ MM=Mm+1 L _ G 39
IF (ITEST+EQs3.0RITFST+EQeB) GO TO 9 G 40
RHOSM=ZZ _— G 4l
RHOS5=RHOSM - - Y
__US=RHO5S%USS/RHOS ) i o - G 43
 P5=Pm5+RHOSS¥USS*¥2-RHOS*US#*%*2 L G __a4
o _IF (P5eLTesl) GO TO B i - G__ 45
HE=HT 5= ¢ S¥US¥¥2 G__46
IF (H5eLTeleE+5) CO TO 8 o G a7
B IF _(SAVeFQele) GO TO 6 G 48
G

_CALL SEARCH (PS+RHOE HSsS5R s T51A54+Z51GAMES s ZSTARSe ISP 1)
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GO Tn 7 G 50

6 CALL SAVE (PS5+RHOEHSsSE5R s T51A5425,GAMES ¢ 3) G 51
c G 52
C TOLRHO REPRESENTS TOLERANCE OF ITERATION ON RHOS5 G 53
c G 54
7 IF (ABS(14~RHOS5/RHOE)eLE«TOLRHO) GO TO 10 G 55
1F (RHOE+LT+RHO5) GO TO 8 G _ 56
P55=p5S-DFLP G 57

GO Tn 2 G 58

8 PLOW=P5S G__59
PUP=P5S+DFLP G 60

GO Tn 1 G 61

9 PSM=27 G 62
P5=pPsM G 63
US=(P55-P5)/ (RHOSS*USS ) +USS G 64

" RHO5=RHOSS*U5S/US G 65
HS=HTS5— e 3¥USE#2 G 66

IF (H5e¢GTsleE+5) GO TO 5 G 67
PSS=p5S—-DELP G 68

GO Tn 2 G _ 69

10 IF (QAVeEQels) GO TO 11 G 70
CALL SEARCH (PS5S+RHOSS+HS5S+S5S5R1T5S51A55+Z55+GAMESS+ZSTARSS ISP 1) G 71

GO To 12 G__72

11 CALL SAVE (PS5Ss+RHOS5S,H55455SR1TS5SeASS+Z55+GAMESS ,3) G 73
12 MSS=SS/AS5S G 74
GO To 14 G __75

13 PRINT 15 G_ 76
1CODF=1 G_ 77

14 RETURN G 78
C G 79
15 FORMAT (52H ITERATIONS ON P2 EXCEED LIMIT —~ REFINE LIMITS ON P2) G_ 80
END G _ 81-
SUBROUTINE QDOT (QTSM.BITWDIT) H 1
DIMENSION TABP(7)s TABT(25)s TABNU(175) H 2
DIMENSION X(4)s Y(449+150)s Z(9)s Ul4)s V(4)s W(G)s NP(4) H 3
DIMENSION TAPY(4), TABTY(13)s TABNUY(52) H 4
COMMON /BLK1/ RHOS.+HS+S5RTS54A5+725,GAMES +ZSTARS . [ CODE H 5
COMMON /BLK2/ RHOTS+HTS5+STORITTS1ATS+ZT5«GAMET S ZSTARTSWPTS H 6
COMMON /BLK3/ TWE+TAUsTWIQTSDE«SPHsTWALLWETAWSAY H 7
COMMON /BLK4/ NV ITsRyMMy ISP +NCO sMNyGAMESS H 8
COMMON /BLKS5/ PS54US54+MS4MUSIRESyQTS5FR4QTSHOSsQTS5CO+QTSZ0s QTSP T H 9
COMMON /BLK6/ P5S+T5S1RHOSS+HE5S1ABS 4255 4USS e MBS MUSS 4sRESS ¢ S5SR H 10
COMMON /BLK7/ RNy TOLPT+TOLQT+TOLRHOYOS+QDOsITEST H 11

REAL M5 4MUS ¢M5S s MUSS {MUWIMUTS I NUGLAM H 12
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c e H 13
c TABLF OF VISCOSITY FROM HANSEN(NASA TR R=50) H 14
C H 15
DATA TABP/1e017225E+741e01325E4+641s01325E+541e01325E+4414,01325E+3,41 H 16
1eD13P5FE+241401325E+1 H 17
DATA TABT/3000413500,444000e1450049+5000e35500e¢6000¢¢6500e¢7000e+75 H 18
100.18000.18500-79000.v95000010000.1105000011000.01150009120000'125 H 19
200e¢41300064135004414N0064145000150C0e/ H 20
DATA TABNU/Z2#1e041 607341601021 6022+41e603641605091e607241e0894106112,41 H 21
1e143,431e18541e623841e20841e6361 0141849104671 1e509¢1e654991e57701e58141 H 22
2.594.1-59991060191.604910001.001'll0008010022!1co36!1-05211-06791.0 M 23
3300161249161 7541 238431030741 e¢36841e41811445841e49611¢50101e¢51141e5 H 24
42041 e51641e50811 49241 «46841¢415416387+1621200311e0164¢14029+140430 H 25
5106N91 090491613941 e2M831e28391034241e¢38641e42591¢43841e4454+1 448, H 26
61044241 e842841 639441034211 e27491661874100B24e9%4+e82841e11e00691e0201 H 27
T7e03341005191e¢08641e14841622991029441e332¢16e371¢1e¢3864+1e639641e39301 H 28
Be37541433511e26711e168¢16040+0881447111e5475440B302684e21251091e01 H 29
G1l1eQ022101e03811 4074431 41460122841 e27641 631741 e33791e¢34741e34301e314 H 30
Eale251+101832e9B83147824¢05719038796249+4158401009s0673+042¢00160109 H 31
5160141002441 e05511¢12811620991e¢25741e286311e¢30301 3079128416207 410 H 32
$0689.85390595!.3619Q?OO!.1089.0631.036~:024'001890015000139001201o H 33
T91601141e03241 4006011 418131e2271]1e625641e6271 4126441621001 0724e826+ H 34
‘5.51790261101189QOSS!.0299.018000121-0099000810007'0007000089.008/ H 35
p H 36
C TABLF OF VISCOSITY FROM YOS(AVCO RAD-TM—63-7) H_ 37
- H 38
DATA TAPY/1e¢01325E+5,43, O3975E+501.Ol325E+6.3 03975E+6/ H 39
DATA TABTY/IOOO.sZOOﬁ-oBOOO-'4000.05000.06000.07000-08000.'90000ol H 40
10000441 2C0044140004016000,4/ H 41
DATA TABNUY/e418BE~4 4+ ,648E—~44+858E- —441e08E-441e30E-4+1+54E-441.86E- H 42
1442021 E=442e46E—-442e¢R3E~442e¢53E-441e77E~444e96E~44e818BE~44+4648E~4 40 H 43
2B5TE~441007E-841e30E~441e52E~401e8B0E~442014E-442e45E-4420¢66E-442s8 H 44
35E-442434F~441 453E-4,0418E-410648E-44+857E~ 491.07E 441e30E-44+1e51E H 45
4-84] ¢ 7BE=412e606E =442 q4E-442e67E=4434a00E~442e8B2E~4+2e24E~440418E~44 H 46
Se6485—4 4 08B55F~44] «06F =441 0e27E~4 41 «S50E—=441 e 73E—442e00FE~442e32E=4420 H a7
E63E~443e06E~443e410E-442e565~4/ H 48
MM =N L H 49
C o H 50
cC QDOT CONSISTS OF 3 SFCTIONS H 51
C - T H s2
IF (NITeEQele) GO TO 5 ] H_ 53
C H 54
C (1) PREDICTINA MUS(USING YOS RESULTS) AND RES H 85
C H

56
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IF (TS5«LF.1500,) GO TO | H 57

) CALL DISCOT (T54P5.TAPTYSTABNUYITAPY 1145244 4MUS) H 58
"GO0 Tn P ’ T H 59

1 MUS=1e462E~ 6*599T<T6)/(1-+112 /T5> T H 60
T RES=RHOS%US /MUS T - CoTT T H 61
IF (T5SeLFe150Ne) GO TO 3 H 62

CALL CISCOT (T584P55, TABTY.TABNUY.TAPY.ll.52.4.M_§§" H 63

GO Tn 4 T T H 64

3 Mu55=1.4625—6*50ﬁf??'§7’?'.+112./T55> o H 65
4 RF5S=RHOS*U5/MUSS T T T H 66
GO Tn 20 o _" T H 67

g H 68
¢ (2) PREDICTING QTS WITH HANSEN OR YOS RESULTS FOR MUTS H 69
c B T H 70
5 PR=.71 T H 71
NN=0 - - H 72
TW=TwF T B o H 73

6 HW=1,0046F+3%TW - H 74
RHOW=3+48398E-3*%PT5/TW - H 75
MUW=1+462E-6%SORT (TW)/(1e+112e/TWy H 76
BO=(1+/RN)*SQART (2+% (PT5-P5) /RHOTS) - H 77
IF_(RITeFQele) GO TO 16 B H 78

c H 79
C IF Gn0=0, VARIOUS QTS WILL NOT BE COMPUTED _ H_ 80
c L e H 81
IF_(ODOeFQs0e) GO TO 20 H_ 82

IF (TT5eGT«15004) GO TO 7 - - H 83
MUT5=1+462E~6%SART(TT5)/(1e+1126/TTS) H 84

GO Tn 9 H_ 85

o - B H 86
C IF_Y0S=0, USE HANSEN< RESULTS FOR MUTS H 87
c IF Y0S=1+ USE YOS RE<ULTS FOR MUTS L H 88
c L H 89
7 IF (YOS+FEQeOe) GO TO 8 H 90
CALL DISCOT (TT3+PT5,TABTYsTABNUY S TAPY 11145244 MUTS) H 91

GO Tn © H 92

8 CALL DISCOT (TTS5+PTS5,TABT+TABNUsTABP 111417547 +NU) H 93
MUTS=1 e 462E~6%¥SART(TTS5)/ (1e+112e/TTS) H 94
MUTS=MUTS%NL) T H 95

9 QTSHOS=1e1672% (SART (RO¥RHOWFMUWK TWH ¥ ¢4 ) ) ¥ (USK¥]1 e 691 % (1 e—HW/HT5)/2e H 96
1*¥¥(SPH/24) ) T H 97
GTSFR= 760% ( (RHOWXMUW ) ¥*4 1) ¥ ((RHOTS¥MUTS) ¥¥44) ¥ (HT5-HW)¥SQRT(BO)/( H 98

1 (PR¥%0,6)%2¢%* (SPH/2,) ) H 99

IF (USeLFeBeBAE+3) 10411 H 100
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1C FPS=NeC T H 101
GO Ton 12 _ H 102

1 FPS=1. ; H 103
,_.l_?_ QTSCO=e 7670* ( (RHOW¥MUW ) #% 4 07 ) ¥ ( (RHOTS*MUTS 1 X% o443 ) # (HTS—HW ) *SQRT (BO H 104
1)¥ (1 4+ e O7SHEPSH (HTS5/1 e 968B6E+7~2e ) ¥%2 )/ ((PR¥¥0e6) %2 ¥ ¥ (SPH/24 ) ) H 105
QT5ZN=3+B8798E~4¥*SQRT (PT5/RN) * (HTS~HW) /2 e % (SPH/2 4 ) H 106

IF (LIS eLEe9e906E+3) 13414 o H 107

13 LAM=1. . L H 108
GO T 15 e H 109

14 LAM=US5/9.906F+3 i H 110
15 OTSPT=0e9000% (((RHOW¥MUW) ¥ ¥ e 07 ) ¥ ((RHOTS¥MUTS I ¥ ¥ 443) % (HTS5~HW ) *SQRT (B H 111

—

O)#LAM/ ((PR¥¥0,75)%2 #% (SPH/24)) o B H 112

QTSDF=¢ 62% ( (RHOW*MUW ) ¥ % 4 1624 )% ( (RHOTS*MUTS ) %% 3376 ) * (HT5-HW) *SQRT(__H 113
BO)/ (PR*2 ¥ ¥ (SPH/24 ) )

—

_ H 114
__» 1IF _(TWALLEGeC.) GO TO 20 - H 115
o IF (NNeEQe2) GO TO 20 o H 116
NN =NN+ 1 H 117
QT5=nT570 _ H 118
_“ TW=TWE+1e7725%*QTS*¥TWALL*SQRT (TAU/ETA) _ H 119
i GO0 Tn 6 _ e H_120
c o H 121
c (3) PREDICTING HT5 FROM FAY-RIDDELL WITH MUTS FROM YOS H_ 122
c H 123
16 IF (TTSeLF+1500+) GO TO 17 H 124
CALL DISCOT (TT5+PT5,TABTYsTABNUYsTAPY 1145244 4MUTS) H 125
._Go Tn 18 . e H 126
17 MUTS=1+462E-6%¥SQRT(TTS)/(1e+112+/TT5) o H 127
18 QTSFR=e760% ( (RHOWHMUW ) ¥% ¢ 1 ) ¥ ((RHOTS*MUTS ) ¥ ¥« 4) ¥ (HTS-HW) ¥*SORT (BO)/(_H 128
. 1 (PR¥#0e6)¥2 e ¥ % (SPH/24.) ) H_129
L IF (JTESTeFQe4) GO TN 20 - H 130
o L L H_131
& _TOLQT REPRESENTS TOLFRANCE OF ITERATION ON QTS5 =~ H 132
L S e el H 133
L IF (ABS(14-QTS5M/QTSFR)LECTOLQT) GO TO 20 o H 134
IF_(MM.FQe15) GO TO 19 H 135
MM =MM+ 1 e H 136
HTE= (HTS~-HW ) *QT5M /QTsFR+HW e e H 137
e IF (SAVeFQele) GO TO 25 _ . . . ... __._._Ha138 _
. CALL SEARCH (PT5,RHOTS5sHTS1STSRyTT54ATS+ZT5+GAMETS+ZSTARTS, ISP 1) H 139
GO TN 16 o e H 140
25 CALL SAVF (PT53RHOTS HTS1ST5RTT54ATS51ZTS5sGAMETS,3) H 141
GO Tn 16 o H 142
19 PRINT 21 H 143
_1cone=1

S H 144
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20 RFETURN - - H 145
c H 146
21 FORMAT (51H ITERATIONS ON HT IN SECTION 3 OF QDOT EXCEED LIMIT) H 147
END H 148
SUBROUT INF SAVE (PsRHOWHsSReTsAM¢Z 4 GAME +K ) 1 1
C 1 2
C SAVE OBTAINS THERMODYNAMIC PROPERTIES FOR REAL AIR 1 3
[l IS BASFD ON CURVE FIT EXPRESSIONS OF AEDC-TDR-63-138 1 4
C EXPRESSIONS OF AENC-TDR-63-138 APPLICABLE FOR T=90 70 15000 1 5
C i 6
c MAXITMUM PERCENT ERRORS- T=2000 TO 15000« AND P=1E+4 TO lE+6 1 7
C I 8
C RHO H T A 4 GAME 1 9
c 242 1.96 2e24 2.78 0.75 5468 1 10
c 1 11
c INPUTS ARE PRESSURE (N/SQ METER) AND- 1 12
- (1) ENTROPY.S/R (K=1) T 1 13
c (2) DENSITYe. KG/CUBIC METER (K=2) 1 14
c (3) ENTHALPY, S5Q METER/SQ SEC (K=3) 1 15
c 1 16
c ALSOs INPUTS DENSITY AND ENTHALPY ARE INCLUDED (K=4) I 17
c 1 18
DIMENSION TABSR(6)s TABR(6)s TABH(6) I 19
DIMENSION TABPMI(13)s TABHM(13)s TABSRM(13), PM(13) 1 20
NN=0 1 21
MM=0 1 22
IFE (KeNEe4) GO TO 3 1 23
CON5=003 I 24
NO 2 J=1413 125
PM (J ) =RHO*H*CONS I 26
TABPM(J)=PM (J) 1 27
P=PM(J) 1 28
GO Tn 3 1 29
1 TABHM (J)=HA 1 30
TABSRM (J)=SR 1_ 31
CONS=CONS+e 03 1 32
MM=0 i 33
NN=0 1 34
2 CONT INUE I 35
CALL FTLUP (Hs+P+24+13,TABHM.TABPM) 1 36
CALL FTLUP (HsSRe24123,TABHMs TABSRM) 137
MM=73 1 38
3 PLOG=ALOGI10(P/1+01328E+5) 1 39
A=PLNG*PLOG I 40
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C=A¥PLOG 1 4l

IF (KeFGQal) GO TO 5 . B 1 42

T IF (KeEQe4eANDJMMsEQ,3) GO TO 5 I 43

T SRUP=142, 1 a4

e SRLOW=14., 145

SR=(SRUP-SRLOW)/2e+14.e o o I 46

4 DELSR= (SRUP-SRLOW) /2, N 1 47

. IF (NNeEQeN) GO TO 5 e I 48

SR=SPUP-NDFLSR e I 49

& SRLOG=ALOGIN (SR) o 1 50

R=SRL OG*SRLOG 151

N=R*SRLOG o o o I 52

X15=-3941442+B3.0558%SRLOG-38+2842%SRLOG*SRLOG 1 53

X151==-10e*(PLOG~X15Y I 54

] IF (X151-404) 74646 o 1 55

6 T15=ne0 1 56

GO Tn 10 157

7 IF (x151+404) 899 1 58

8 T15=10 o 159

GO0 Tn 10 L e 1 60

.9  T15=1e/tle+EXP(XIS1YY 1 61

1N 1F (K.EQ.3.AND.MM.NF.2)_GO TO 36 e . I 62

I1F (KcEQQE.AND.MM.EQ.Z) GO _TO 36 I 83

1F (KoFQo‘L.AND.MM.EO.a) GO TO 58 o I 64

o TF (“eTQe4 e ANDsMMLEQ,2) GO TO 36 o 1 65

c L 3 166

C COMPUTING RHO AS A FUNCTION OF P AND S/R 1 67

c o 1 68

11 XR12=~16¢5527+5745%aRL0G-308036#8 1 69

XR23=4994544~938,91%cRLOG+605+028%B-1354995%D 1 70

 XR34=360e507-6344538%SRLOG+389 1 74%B-82¢4653%D 1. 71

XR45=489 628458 ¢ S#SRLOG+1 064 25%B - 1 72

XR121=—-104% (PLOG-XR12) . 1 73

XR231==1N* (PLOG=XR22) o o 1 74

XR341==104% (PLOG=XR34a ) 175

XR451==10 ¥ (PLOG~XR4S) 1 76

IF (xR121-404) 12415,15 o 1 77

12 IF (XR121+40s) 13414414 e 1 78

13 TRI2=1e0 e o 179

N GO TN 16 e o 1 80

14 TR12=1¢/(1 e +EXP (XR121)) I 81

. GO TN 1186 e 1 82

15 TR12=040 - e 1 83
16 IF _(XR231-40e) 17420470 1

84
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17 IF (xR231+404) 18+19,19 e 185
' TRPR=1,0 o 1 86
GO Th 21 ! 87
19 T TR23=14/(1e+EXP(XR231)) ) ) e -
T T 6o 1A 21T T ' ’ 1 89
29 TR23=0,0 ) 1 90
""ET“-’TF"(XR141—46TT 22.25,25 7 ) ’ T I o1
22 IF_(XR341+404) 23,24,24 T o - 1 92
23 T TR34=1. S . ) . B 1_93
G0 Tn26 o ) o e 194
24 TR34=14/(1 +EXP(XR341)) 1 95
- GO Tn 26 - o - 196
75 TR34=0,0 - o - 1 o7
_26___ IF (XR451-404) 27430,30 . B 198
_ P27 1F_(XR451+4404) 2B8+29,29 _ e 199
.78 TR4A5=1.0 . _ e 1 100
GO TH 31 L I 101
29 TR45=14/ (1 e +EXP(XR451)) - 1 102
GO Tn 31 e 1 103
30 TR45=0,0 1 104
31 RHCL1=154951857-0400228295%PL0G-15+994242%SRLOG++0065187267*A+¢530 1 105
179685%PLOG*SRLOG+3s 1 75974 %8 1 106
RHCLP=1541 ¢ 1666-63+93035%PL 06=-2993,1662%SRLOG++935437%A+84+30375%S [ 107
IRLOGH*PLOG+1938¢ 7061 %A= 004746016%C-o6128404*¥A*¥SRLOG—27422666*B*PL | 108
20G-410, 0881 %D - 1 109
RHCL3=42744745~18412R622%¥PLOG-76544 7626%SRLOG++29343169%A+22492687 1 110
1 7¥PLOG*SRLOG+4564+ 71 7%B=-40017033404%C -« 18068309%A%¥SRLOG-649143617%8 1 111
2HOL NG~C1,4131851 %D 1 112
RHCLAS206¢23144-8¢22702 78%¥PLOG—-329,5465%#SR.0G++1324191%A+0.8884165 [ 113
1 ¥PLOG*SRLOG+1 75403931 ¥B=e 00101 78454%C~-+0765437 1 ¥A¥SRLOG-246920144% [ 114
2R*PLNG=31 4 237834%D 1 115
RHCLS=-399452358+ 1248004 77#PL0G+411064144%SRLOG=¢097694919%A~64220 1 116
14477%PLOG*SRLOG=106.4733%3 I 117
RHCAL=RHCL 1+ (RHCL2-RHCL1)*TR12+ (RHCL3-RHCL2)#TR23+ (RHCL4~RHCL3)*TR 1 118
134+ (RHCL5-RHCLA)Y*¥TR4S 1119
RH15=~79¢282533+6+3537078%PLOG+179,22721 ¥SRLOG=4 12607098%¥A-8+40131 1 120
122%P| OG*SRLOG-129+95269%B+40010037437%C+¢09418551 1 ¥A*SRLOG+3.12569 1 121
266%PLOG*¥R+30,203862%0 1 122
RHCAL=RH15+ (RHCAL - RH1G)*T1‘-'3 I 123
RHOA= (10« ¥%¥RHCAL ) ¥] « 29233 1 124
IF (veFGel) GO TO 36 1 125
IF (*eEQe3) GO TO 58 1 126
IF (KeEQa2eANDeMMeEQL,1)Y GO TO 56 I 127
IF (KeEQe4sANDeMMeFEG,1) GO TO 56 1 128
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c CONVERGENCE TEST FOR K=2 1 130
c 1 131
IF (ABS(1+-RHO/RHOA).LE.«001) GO TO 36 1 132
NN=NK+ 1 1 133
IF _(RHDeGTWRHOA) GO TO 34 - 1 134
D SRLOW=SR 1 135
SRUP=SR+DFLSR 1 136
IF (PELSR«GTele) GO TO 4 1 137
TABSR(1)=SRLOW B 1_138
TABSR(6)=5RUP 1 139
IF (KeEQe2+eOR«KeEQe4)Y GO TO 33 o I 140
N=2 1 141
G0 _Tn 49 - 1 142
23 N=—2 1 143
GO Tn 54 ) - I 1a4
34 SRUP=SR 1 145
SRLOW=SR—DEL SR - 1 146
T IF (NELSReGTele) GO TO 4 __' L 1 147
— TABSR(1)=SRUP . 1 148
TABSR (6)=SRLOW - 1 149
- IF _(KeEQe2+0ReKeEQs4) GO TO 35 o 1 150
N=—2 1 151
GO Tn 49 - _“m, 1 152
_ 3s N=2 - 1 153
GO Tn 54 e ] 1 154
13 - 1 155
< COMPUTING ENTHALPY AS A FUNCTION OF P AND S/R 1 156
- 1 157
36 IF (SRLOG-146) 37437,38 1_158
37 HRCAL=12+693869+5. 5§7§§£§¥P;Q§_g§_Z§?§}7+§QLOG—.14961521*A 5.87887 1 159
o 1 74%PLOG*SRLOG+48419278%B++00090144132%C+e091 151473%A*SRLOG+1 62828 1 160
229%P|_ CG¥B-13.065267%N - o 1 161
B GO TN 48 - e 1 162
28 IF _(SRLOG=1e76) 39:32:45 1 163
39 HR22=-156437194+6¢6959228%PLOG+269 ¢ 93097%¥SRLOG~+097179965%A~7.5379 1 164
1714 %PLOG¥SRLOG=152+ 1 3866#B++00057029937%C+4 058364 795%A%SRLOG+2159 [ 165
o 22 755%PLOG¥R+2B.940924%D o 1 166
HR21=-84+008522+2¢574]1318¥PLOG+107+06198%SRL0G-+014352904%A-145313 1 167
1194%DL0OG*SRLOG-32.316439%8 1 168
XH=—A1e2053+114e1 N3¥CRLOG=47 s S532%8 1_169
____ XH1==10e% (PLOG~XH ) - 1 170
1F (¥H1=404) 4N443,42 ~ 1 171

40 IF _(XHI+40,) 41442442 1

172
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41 TH=1, 1 173
GO 70O 44 1 174

42 TH=1 4/ (1 e +tEXP (XH1 ) B 1 175
GO T0 44 - - 1 176

43 TH=0,40 1 177
44 HRCAL =HR21+ (HR22-HR21{ ) *¥TH B 1 178
GO TN 48 - I 179

45 IF (SRLOG=1e92) 46446447 1 180
46 HRCAL==35¢ 160671 +¢5366924¥PLOG+56.99585%SRL0OG-e022661 358%A-e484703 1 181
10S*SRLOG*PLOG~274641 NB7¥B++00058568839%C++01 629996 2%¥AXSRL0OG+e14073 1 182
2606%RXPLOG+4+ 712261 ¥N 1 183

GO Tn a8 1 184

47 HRCAL=-1144+94796+4.004583%PLOG+180.08427%SRLOG~«041327787#A-4,0366 1| 185
1535%PLOG*¥SRLOG-90+76N06%B+«00040320694%C+4+024360248%¥A*¥SRLOG+1 40462 1 186

2299 ¥PLOG*B+15.467804 %D 1 187

48 HR15=284160664~2,2339873%PL0OG-5%+053694%*SRLOG+054973544%A+3,71832 | 188
157%#PLOG*SRLOG+404986503%B -4 0004292698%C—4 040726332#A%XSRLOG—1 37045 1 189
20S¥PLOG*B-8 ¢ 253645%D 1 190
HRCAL =HR15+ (HRCAL-HR15)*T15 1 191

HA= (104 ¥*HRCAL ) ¥287 . 388 1 192

IF (KeEQelsOReKeEQs2) GO TO 58 - I 193

IF (KeEQe3eANDeMM.EQ,1) GO TO 52 1 194

IF (keFQe4) GO TO 1 1 195

c 1 196
c CONVERGENCE TEST FOR K=3 1 197
c 1 198
IF (ABS(le—H/HA)¢LE«.001) GO TO 11 1 199
NN=NN+1 1_ 200

IF (HA«GTeH) GO TO 34 1 201

GO Tn 32 1 202

c 1_203
c INTERPOLATION FOR DELSR LESS THAN 1 1_204
c 1 205
49 TABH (1)=HA 1 _206
50 DELSR=(TABSRI(6)~TABSR (1)) /S 1 207
DO 51 [=2+5 I 208
TABSR(I)=TABSR(1-1)+PELSR 1 209

51 CONT [NUE 1 210
IF (KeEQeZeOReKeFQed) GO TO 55 1 211

DO 532 1=2+6 1 212

MM =1 I 213
SR=TABSR (1) 1 214

GO TO 5 I 215

52 TABH (1) =HA 1 216
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53 CONT INUE _ I 217

CALL FTLUP (H+SR4N+6,TABH,TABSR) 1 218

MM=2 1 219

GO_To S 1_220

Sa TABR(1)=RHOA 1 221

GO_Tn 50 1 222

55 NN 57 1=24+5K I 223

MM =1 1 224

SR=TABSR(1) 1 225

GO _Tn 5 1 226

56 TARR (1 )=RHOA 1 227

57 CONT INUE 1 228

CALL FTLUP (RHO1SR4N,6+TABR,TABSR) 1 229

MM=2 1 _230

GO 10 5 1 231

C 1 232

C COMPUTING Z 1_233

c 1 234

=8 XZ12=62+91-414.5%SRLOG 1 235

XZP3=72+945-45 4 TS*¥SRLOG 1 236

XZ34=65475-37¢5%SRLOG 1 237

XZ45=62 +92-32.0%SRLOG 1 238

XZ7121==1N+* (PLOG=X712) 1 239

XZ231==-10¢% (PLOG=-XZ273) 1 240

XZ341==10e* (PLOG=XZ34) I 241

XZ451=~10e % (PLOG-XZ45) 1 242

ZCAL?2=519480374-c3+753514%PLOG-983,90729%SRL0OG++37296957¥A+30.,0843 1 243

- 1 79%PLOG¥SRLOG+620+04168%B-40021648826¥%C-423710079%AXSRLOG-9496903 | 244

2#PLOG¥B-129 478921 %D 1_245

ZCAL3=366+40674-15+51 7444%PL0OG-6474+42436%SRLOG++ 18701 758*%A+18.0403 [ 246

183#PLOG*SRLOG+37959834%B-+00087958438%C-+10580129%A*SRLOG-5+18882 | 247

254#PILOGH*¥B-736504269%nN e 1 248

ZCAL4=516407331-16450277*PL0OG-B08+49823%SRLOG++071256235%A+1645268 1 249

1 13%PL OG*SRLOG+418445341%B+400094183347%C~401972781 7T*A*SRLOG-3+9948 1 250

290A*PLOGH*R-71.038921 ¥M 1 251

IF_(XZ121-404) 59462,62 I_2s2

59 IF (XZ121+4404) 60461461 1 253

67 TZ12=14 e 1 254

GO Tn A3 I 285

61 TZ12=14/ (1 +EXP(XZ121)) 1256

GO Tn 63 1 257

62 TZ12=04.0 1 258

63 IF (XZ231-404) 64467,67 1 259
64 1F (XZ231+404) 6566466 1

260
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_.HBS  TZ23=1. e . _ L 1 261
- GO Tn 68 e o S -~ 1_262
66 TZ23=1+/(1e+FXP(XZ231)) o 1_263
o GO TN 68 L S 1 264
67 T723=N040 B 1_265
68 IF (XZ2341=404) 69472,72 ] T 266
69 IF (XZ341440e) 704+71,71 - L S 1 267
70 TZ34=14 - o o 1 268
GO Tn 73 S ) - 1 269

71 TZ34=1e/(1e+EXP(XZ341)) e 1 270
GO Tn 73 1 271

75 T734=0e0 _¥ - 1 272
73 IF (XZ&451-40e) 74477477 B o 1 273
74 IF (XZ451+404) 75+76476 - 1 274
7= TZ45=1. 1 275
GO Tn 78 - B - 1 276

T 7s TZ45=1e/(1e+EXP(XZ451)) 1 277
GO Tn 78 __ 1 278

77 TZ45=040 o T 1 279
78 ZCAL =10+ (ZCAL2-1 ) ¥TZ12+ (ZCAL3-ZCAL2)*TZ23+ (ZCAL4-ZCAL3)*TZ34+(4e [ 280
10-ZCAL4)*TZ45 - 1 281
ZCAL=1e+(ZCAL-1¢)*T1R L - I 282

7=7CaL 1 283

C - o 1 284

c CAMPUT ING T(DFG K) e 1 285

IS ] o S 1 286
WO=PRe 967 o - 1 287
RUN1v=8314,34 - 1 288

IF (KeEQe2eOReKeEQed) GO TO 79 1_289
RHO=QHOA - . - 1 290

79 T=P*Ww0/ (RHO¥RUN1V#*Z) ~ - o 1 291

C - 1 292

C COMPUTING A (M/SEC) ~ o 1 293

c i 1 294
IF_(T-2100e) 80480,87 1 _295

2 IF (T-150Ne) B2.82,8] 1 296

81 IF (DLOG+1e) 83+83,8> 1 297
82 CON1=SQRT(T/273¢15) 1 298
AOAO==-¢0753808+CON1 ¥ 11 e12644—e0552696%CON] ) 1 299
AM=331+3115%A0A0 _ 1 300

GO Tn 104 1_301

83 XA12=635e054~1220¢46%SRLOG+803+882%B~180 ¢B45%D 1 302
XA23=373e702~6634358%#SRLOG+408+854%¥B—-86¢8B056%D 1 303
XA34=1703.78~2602497%#SRLOG+133793%¥8-2314422%D I_304

.\_-;:::"zzH\’?Lg
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XA22=1043437-1820¢34%SRLOG+1076e¢36%¥B~2156445%D

I 305
XA121==10+# (PLAG=XA12) 1 306
XA231=—104% (PLOG-XA2) 1 307
XA341=-10*(PLOG=-XA34) 1 308
XA221=~10.% (PLOG=XAZ22) 1_309
A1=-440946241+196+82259%PL0G+B746+4634*SRLOG~31650299%A-262432947 1 310
1 #PLOG¥SRLOG-57864449%B+e 020004 186%C+2+1429825%A¥SRLOG+87«589029%PL [ 311
20G#B+1277.6718%D 1 312
A21==181445117+8B6+096078*%PL0G+3315, 6099*§B;9§71-7593034*A—107 2534 1 313
1 ¥PLOGXSRLOG~20234201 ¥B++016287670%C+14+ 13981 34%AXSRLOG+33+659607*PL | 314
20G%¥B+413441945%D 1 315
A22=2651¢2944-81+405596%PL0G-3099.0064%¥SRLOG++69752668%A+48.062596 1 316
1 ¥PLOGX¥SRLOG+907+7N880%*B o _ 1 317
IF (XA221-40.) B5,84 ,84 o - I 318
a4 TA22=Nn.0 - - 1 319
Gn Tn A8 - 1 320
as IF (XA221+40e) B86+86,87 1 _321
Ag TAZ22=140 ___ﬁ - 1 322
L GO Tn 88 o o I 323
87 TA22=1e/(1e+EXP(XA221)) - 1 324
a8 A2=A21+(A22~A21)%TAZ> 1 325
A3=-3217.8037+195.34064%PL0G+5348.2143%¥SRLOG~4.6268475%A-221,.12705 1 326
1 ¥PLOG*SRLOG-2970e8645%B+.044614358%C+24 70791 77 ¥A*¥SRL0G+63.042803%P | 327
2LOG¥R+553,12007%#D 1 328
A4=169764939-476410242%PLOG=174454315%SRLOG+36534057%A+246441125% 1 329
1PLOG*SRLOG+448643118%8 o I 330
IF (xA121-40e) 90489 ,R9 - 1 331
A7 TA12=0.0 e I 332
CH TN QR I 333
Eh) IF (XA121+4404) 91,491,92 - 1 334
a1 TA1?=1.0 - - 1 335
GO Tn 93 s _ 1 336
92 TA12=1+/(1«+EXP(XAT21)) o o 1 337
a3 15 (xA231-404) 95,94,94 ’ o 1 338
94 TA22=040 T o I 339
GO Tn 98 1 340
95 IF (XA231+40e) 96.96,07 T T T 1 341
“Tos TAZ321e0 T T T - 1 342
T TG0 TAes T T T T ST ' - T o I 343
97 T TAZ3=1e/ (1 e4+EXP(XAP31)) - ' I T
T IF (XA341-407) 100,90,99 T I -
go TA34=0e0 o 1 346
T 60 Tn 103 o o ST I 347
1n0 ) 1

IF (xA341+4404) 10Is1nl,102 = T
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101 TA34=1.0 1 349
GO Ton 103 1 350
102 TA34=1e/(1 e +EXP(XA341)) I 351
103 ACAO=A1+(A2~A1)Y¥TAI2+(A3-A2)*TA23+(A4-A3)*TA34 1 352
AM=311,3115%A0A0 1 353
C I 354
C CNMPUTING GAMF 1 385
¢ 1 356
104 GAME=WO*AM*¥2/ (RUNIV*Z*T) 1 357
IF (<KeEQe2) GO TO 108 I 358
IF (KeEQe3eOReKeEQes4) GO TO 106 1 359
H=HA I 360
GO Tn 106 1 361
105 H=HA 1 362
106 RETURN 1 363
END 1 364—-
SUBROUTINE SEARCH (P 4RHOsHI +SORsT14A14714GAMsZS 0y ISPWK) J 1
C ) J 2
C K=1 CORRESPONDS TO INPUTS P AND H1 J 3
C K=2 CORRESPONDS 7O INPUTS P AND RHO J 4
C K=3 CORRESPONDS TO INPUTS RHO AND H1 J 5
r J 6
DIMENSION G(4)s Y1 (4)s Y2(4)e Y3(4)e Y4(4)s Y5(4)e YE(4)s YT(4) J 7
DIMENSION ICOUNT(25)s JFLAG(25)s Y(94150)s P(25)s RHO(25) J 8
DIMENSION SAVEH(25+4)e SAVER (2544 )4 SAVET (2544 )e SAVEA(2544) J 9
DIMENSION SAVEZ(25+43)s SAVES(2544)4 SAVEG(25+4 )+ SAVEZS(2544) J 10
DIMENSION SAVER (2544 J 11
DIMENSION H1{25)s T1(25)e Al (25)s Z1(25)s SOR(25)s GAM(25)s ZS(25) J 12
DIMENSION TABT(150), TABR(150)s TABP(150)s TABH(150) J 13
DIMENSION TABA(150)s TABZ(150)s TABG(150)s TABZS(150) J 14
PO 1 I=1.1S8P J 15
ICOUNT (1)=1 J 16
JFLAG(I)=0 J 17
1 CONT INUE J 18
JUMP=0 J 19
1T7T=8 J 20
REWIND IT J 21
2 READ (ITY XeNVal(Y(I4l Yel=149)sL=14NV) J 22
IF (FNDFILE IT) 3.9 J 23
3 CONT INUE J 24
WRITF (6+40) J 25
DO 8 1I=1,ISP J 26
IF (JUFLAG(1)eEQe0) GO TO 4 J 27
GO Tn 8 J 28
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4 CONT INUE ) e J 29
IF (KeFQel) GO TO 5 J 30
IF (KeFQe2) GO TO & J 31
P(1)=0. J 132
GO Tn 7 J 33
s RHO(1)=0e e J 34
GO Tn 7 o J 35
6 H1 (1)=Na o J 36
7 TI(1)=04 o e J_ 37
Al (1)=0N, J 38
71(1y=04 J_ 39
SOR(1)=04 J 40
GAM(1)=04 J 41
Z5(1)=0a4 J_ 42
8 CONT INUF J 43
GQ Tm 39 - J 44
a CONT INUE J 45
PO 38 J=1,18P J 46
IF (JFLAG(JY«EQe')Y GO TO 38 - J a7
NN=1COUNT (J) J a8
I (KeEQel) GO TO 10 J 49
IF (<eFQe?) GO TO 11 J S0
HH=AL OG10 (H1 (J)/2874n245) J 51
RR=ALOGIO(RHO(J)/1+201489) ] J 52
GO Tn 13 J 53
10 PP=ALOGI0(P(J) /1«01 3PFE+5) J 54
HH=ALOGIN(HI (J)/2B7.n245) T J 55
GO T~ ip T J 56
11 PP=ALOGLO(P(J) /101 355E4+5) o T J 57
RR=AL_OG10(RHO(J)/1.291489) ___ﬁ _ J 56
12 IF ((PP=Y(341)) % (PP=Y(3sNV))eLTe0s) GO TO 15 J_5%
GO Tn 14 _ L J 60
13 IF ((RR=Y(241))%¥(RR=v(2sNV))eLTe0e) GO TO 15 J 61
14 SAVF®P(Js1)=0s J 62
SAVEH(Ja13=04 J__63
SAVFR(Js1)=0, J 64
SAVET (Je1)=04 J 65
SAVEA(Js1)=04 N o J 66
SAVF7(Js1)=0a L B J 67
SAVER (Je1)=04 - B J 68
SAVEG(Je1)=0, J 69
SAVEZS(Js1)=0. - J 70
NN=2 - J_ 71
GO Tn 724 - J 72
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15 PO 1A 1=1.NV - o J 73
TABT (1))=Y (141) - - A_’" J 74
TABR(1)1=Y(2+1) T i —’ T J 75

__‘ TABP (1))=Y (341) T T o o J 76
TA_BH( liy=vy(4a oﬁ‘_ T T o T J 77
TABG(I)=Y(54+1) J__78
TABA(IHY=v(6, 1y T o T J 79
TaBZ(Iy=v(741y T T 77 J a0
TABZS(I)=Y(9y1) ~ ~— e J 81

16  CONTINUE - 0 S J 82
IF (KeEQe3) GO TO 17 Ty T J 83
CALL DIGCOT (PP +PP+TABP s TABH +TABH—130sNV+0+ANST) J 84
CALL DISCOT (PP PP, TARP, TARRsTABR,~130+NV s sANSZ ) J 85
CALL DISCOT (PP PP, TAFPsTART s TABT ¢=1304NV+0sANS3) J 86
CALL DISCOT (PP+PP+TARPTABA+sTABA+~1304NVe0sANSH) J B7
CALL DISCOT (PP OP,TABP, TABZ +TABZ+~1304NV+0+sANSS) J 88
CALL DISCOT (PP PP, TABP+TABG +TABG+~130+NVs0sANSE J 89
CALL DISCOT (PP+PP,TABP+TABZS+TABZS«—~1304NV+s0+ANS7) J 90
SAVES (J4NN) =X - - J_ 91
SAVEH(JaNN) =ANS] - J_92
SAVER (JsNN) =ANS2 - J 93
SAVET ( J2NN) =ANS3 - J 94
SAVEA (J+NN)=ANS4 J 95
SAVFE7 ( JaNN) =ANSS - - J 96
SAVFE(JaNN) =ANSE - J 97
SAVEZS (JyNN)=ANS7 - J 98
GO Tn 18 J_ 99

17 CALL DISCOT (RRIRR,TABR,TABH s TABH  ~130«NV+0sANSI ) J 100
CALL DISCOT (RR+RR.sTABR'TABT+TABT +~130+NV+0sANS3) J 101
CALL DISCOT (RR+RR,TAER+TABA «TABA,—130+NVs+0sANSH) J 102
CALL DISCOT (RRWRR,TABRJTABZ+TABZ+~130+sNVs0+ANS5) J 103
CALL DISCOT (RRsRRsTABR,TABGsTABG+~130sNV+0sANSE) J 104
CALL CISCOT (RR+RR+sTABRsTABZS+TABZS+-130syNV+0+ANST) J 105
CALL DISCOT (RR+RR,TABRsTABP+TABP,~1304NVs0+ANS8) J 106
SAVES (JyNN) =X J_ 107
SAVEH (JsNN)=ANS1] J 108
SAVET (JsNN)=ANS3 J 109
SAVEA (JsNN)=ANS4 J 110
SAVE7Z (J9NN)=ANSS - J 111
SAVEG (J+NN)=ANS6 - - J 112
SAVE7S (JsNN)=ANS7 J 113
SAVED ( J+NN)=ANSS - J 114

18 IF (KeFGQel) GO TO 20 J 115
IF (<eEQe2) GO TO 21 J 116
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IF_(SAVEH({JWNN) «GTeHH) GO TO 25
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e J 117
IF _(NNJEQe3) GO TO ta ] J_118
NN=NN+1 - - J 119
GO Tn 24 ______7 J 120
SAVER(Js1)=SAVFP (J42) J 121
SAVEH(Js1)=SAVEH(JW2) J 122
SAVET(Js1 )=SAVET(J+2) ] ] J 123
SAVEA(Js1)=SAVEA(JW2) e J 124
SAVEZ(Js1)=SAVEZ(J,2) o J 125
SAVES(Js1)=SAVES(Ja2) e _ J_126
SAVEG(Je1)3=SAVEG(Js2) J 127
SAVEZS(J11)=SAVEZS (J42) J 128
SAVEP (Js2)=SAVEP (J,3) __ J 129
SAVEH(Js2)=SAVEH (J43) L J 130
SAVET(Js2)=SAVET (J+3) o . J 131
SAVEA(Js2)=SAVEA(J,3) B . J 132
SAVEZ(Js2)=SAVEZ(Js3) J 133
SAVES(Js2)=SAVES(J+3) - J 134
SAVEA(J92)=SAVEG(Js3) B ) J 135
SAVEZS (Js2)=SAVEZS(J,3) _ o J 136
GO Tn 24 ] B - J 137
IF (SAVEH(JsNN)eGTeHH) GO TO 25 J 138
GO Tn 22 J_ 139
IF (SAVER(JsNN)«LTWRR) GO TO 25 J 140
IF (NNeEQe3) GO TO 22 - J 14t
NN=NN+1 L ___ - J 142
GO Tn 24 - J 143
SAVER(Js1)=SAVER(J+2) I . J 144
SAVEH(Js1 )=SAVEH(J,? J 145
SAVET(Je1)=SAVET(J42) J 146
SAVEA(J+1)=SAVEA(J,2) ) J 147
SAVE7(Js1)=SAVEZ(Js2y J 148
SAVES(Js1)=SAVES (J42) o J 149
SAVER(Js1)=SAVE~ (J+2) J 150
SAVF7S(Js1 )=SAVEZS(J,2) J 151
SAVER(Js2)=SAVER(J+3) o J 152
SAVEH(Je2)=SAVEH(Js3) B J 153
SAVFT(Je2)=SAVET(JS3y o J 154
SAVFA(Js2)=5AVFA(J,3) . _ J 155
SAVEZ (Js2)=SAVFZ(Js3) J 156
SAVES(Js2)=SAVES(Js3) J 157
SAVEG(Js2)=SAVEG(J+3) J 158
SAVE7S(J»2)=SAVEZS (J,3) J 159
1COUNT (J) =NN N J 160
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GO To 38 - J 161
35 IF (NN.EQe.4) GO TO 24 J 162
NN=NN+1 J 163
TCOUNT (J) =NN J 164
GO Tn 38 J 165
26 JFLAG(J) =1 - J 166
PO 3n M=1,.4 J 167
IF _(KeEQel) GO TO 27 J 168
IF (KeFQe2) GO TO 28 J 169
G(M)=SAVEH(JsM) J 170
Y1 (M)=SAVEP (J M) J 171
GO Tn 29 J 172
27 G(M)=SAVEH(JsM) J 173
Y1 (M)=SAVER (J M) J 174
GO Tn 29 J 175
28 G{M)=SAVER(J+M) J 176
Y1(My=SAVEH(J+M) J 177
29 Y2 (M)=SAVET (JeM) J 178
Y3 (M)y=SAVEA (JsM) J 179
Y4 (M)=SAVEZ(J+M) J 180
Y5 (M)=SAVES (JeM) J 181
Y6 (MY=SAVEG(JsM) J 182
Y7 (MY=SAVEZS(J4M) J 183
30 CONTINUE J 184
IF (KeFQel) GO TO 31 J 185
IF (KeEQeZ) GO TO 33 J 186
CALL INTRP (44+GeY1 HHIP) J 187
GO T 32 J 188
31 CALL INTRP (44GsY1sHH4R) J 189
32 CALL INTRP (4+GsY2eHHsT) J 190
CALL INTRP (4+GeY34HHsA) J 191
CALL INTRP (44GeYasHHeZ) J 192
CALL INTRP (4+GsYBsHHSR1) J 193
CALL INTRP (44GsY64+HHyGAM] ) J 194
CALL INTRP (4.GsY7+HH1ZS1) J 195
GO To 34 J 196
33 CALL INTRP (4+GsYl+RR+H) J 197
CALL INTRP (44G+Y24RRaT) J 198
CALL INTRP (44G+Y34RRyA) J 199
CALL INTRP (44G+Y4+sRR+2Z) J 200
CALL INTRP (4,G+Y5,RRSR1) J 201
CALL INTRP (4.GsY6+RRsGAM]) J 202
CALL INTRP (445GsY7+RR+Z51) J 203
34 IF _(KkeEQel) GO TO 35 J 204
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IF (KeFQe2) GO TO 36

J 205
P(J)=(10e*XP)*1401325E+5 J_206

GO Tn 37 J_207

35 RHO(J)=(10e*¥*R)*14291489 . J_208
GO Tn 37 J 209

36 HI(J)=(10.%*¥H)*2B7,0245 J 210
37 T1(Jy=T J_ 211
Al (JY=A%331.41R4 e J 212

. 71(Jy=27 . . J 213
SOR(J)=SR1 L _ J 214
GAM(J)=GAM]L J 215
ZS(J)y=2ZS1 . o e J 216

JUMP = JUMP +1 _ J 217
IF_(JUMP.EQ.ISP) GO TO 39 o J 218

28 CONT [NUE o i . _ J 219
GO To 2 . o e J_220

39 CONT INUE J 221
RFTURN o L J 222

C - - J 223
4n FORMAT (1H1 460X+ 7THWARNING/// /) - _ J_ 224
FND o o J 225-
- SUBROUTINE SLOW (XX+7+114J1s ITeNVINERRyYsX) K1
c TAPE, IS WRITTEN WITH LINES OF CONSTANT XX K2
c Z(I1) AND XX ARE INDFPENDENT VARIABLES o K 3
c Z(J1) 1S THE DEPENDFENT VARIABLE K __ 4
c AK= 41le IF XX INCREAGES MONOTONICALLY ON_TAPE K 5
c AK= -1+ IF XX DECREASES MONOTONICALLY ON TAPE K 6
c _1T= TAPE UNIT e . K__ 7
c NV= NOe. OF VARIABLES ON TAPE FOR EACH XX o+ (NOT GREATER THAN 9) K_8
c NOe OF POINTS FOR EACH_XX NOT GREATER THAN 150 K _ 9
c BEGIN EXECUTION e o K 10
DIMENSION X(4)s Y(4394150)s Z(9)s Ul(4)s VI(4)s W(4)s NP(4) K_ 11
_COMMON ICOUNT s IMET(2)sNPsABARWME sMF K __12
RFEAL MF 4MF e L K 13
1COUNT=1COUNT+1 K14
IF_(IMET(1)) 31,3 . K_15

1 BACKSPACE 1T e . K 16
READ (IT) NUM L I K 17
o REWIND IT ] e . K__18
DO 2 K=143 e K__19

READ (IT) X(K)ads ((Y(KaIsl)sI=1sNV)sL=1,4J) K 20

2 NP (K)=J . K_2l
XW=X(2)=X(1) _ L _ K 22

K

AK=ARS (XW)/XW

23
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. NIR1I=1, e o K 24
IMFT(1)=1 - K 25
XXX=wx . K_26
NERR=0 - K 27
IM=3 K 28
GO Tn 18 - K 29

3 NERR=0 - K_ 30
c EXCEPT FOR FIRST TIME THROUGH . K 31
IF ((XX=X(M]))*(XX=X(M2})) 25425,4 K 32
4 TEMP= (XX—XXX ) ¥AK _44 K _ 233
DIR2=ABS (TEMP) /TFMP K 34
GO=NIR1*DIR2 K 35
XXX =XX K 36
DIR1=DIR2 K 37
1F (NIR2) 54135,16 - - K 38
¢ . K 39
5 NFGATIVE DIRECTION K__ 40
5 IF (GO) 653547 K 41
P3 BACK<PACE 1T _ _ K42
BACKSPACE IT K__43
BACKSPACE IT o K a4
GO Tn 9 K 45
7 IM=ImM=1 K46
IF (IM) 84849 K 47
8 IM=2a o K 48
9 M1=Im+1 K 49
BACKSPACE IT e K_ 50
BACKSPACE IT ] - K 51
IF (M1=4) 11411410 K 32
10 M1=1 K 53
11 M2=M1t+1 K__54
IF (M2-4) 13413412 o o K 55
12 M2=1 K _ S6
13 READ (IT) X(IM)aJe ({V(IMaTaL)sI=14NV)aL=14J) K 57
NP (IMy=J K 58
IF ((XX=X(M1)IX(XX—X(M2))) 25+25+12 K 59
14 TF (X(ML1)=X(M2)) 7+1%,7 K 60
c ERRORs VARIABLE OFF FRONT END OF TAPE K 61
15 CONTINUE K 62
NERR=1 K 63
GO To 36 K 64
- K 65
I POSITIVE DIRECTION K 66
16 IF (RO) 174135,18 K_67
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17 REAND (IT) DUM K 68
REAND (IT) DUM K 69
READ (IT) DUM K 70
GO Tn 20 K 71
18 IM=[M+1 K 72
IF (IM=4) 20420419 - K 73
19 M= K 74
20 M1=Im—1 . K 75
IF (M1) 21421422 K 76
21 M1=4 K 77
22 M2=M1—1 K__78
IF (M2) 23423424 K 79
23 MP=4 K 80
24 READ (IT) X(IM)aJdal (Y (IMelsldal=1sNV)sL=19sJ) K 81
NP (Im)=J K 82
IF ((XX=X(M]) )% (XX=X(M2))) 25125418 K 83
c K 84
c TAPE SEARCH COMPLETF + DO CROSS FOUR POINT K 85
5 DO 34 K=1.4 K 86
NPK=KP (K}—-1 K 87
PO 2A 1=1,NPK K 88
TF ((Y(KaT1aI)=Z (11 ¥ (Y (KaT1sl+1)=Z(11))) 27427426 K 89
26 CONT INUE K 90
NFRR = | K 91
GO Tn 36 K 92
27 IF (1-1) 29,28,29 T T T K 93
>8 J=0 T e K 94
GO Tn 32 T T K 95
29 IF (1=NPK) 31430431 o K 96
3N J=NPK -3 K 97
GO Tn 32 K 98
£ J=1-7 K 99
32 NO 32 L=1.+4 o K 100
MX =L +J o K 101
UCLY=Y (Ks11aMX) K 102
33 VL) =Y (KsJ1 sMX) K 103
7 CALL INTRP (4+UVaZ (1102w (K K 104
CALL INTRP (4+XoWsXX+Z(J1}) T K 105
RFTLIAN e T T K 106
CONT INUF - o T K 107
NFRR=1 S T K 108
IF (IMET(2)) 39437,30 - - K 109
IMET (2)=1 - - 0 K 110
WOTTE (6440) XXal14Z(11)4J1 K 111
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DO 38 IM=1.+4 K 112
WRITF (6+41) T1+Z(11)exX(IM) o K 113
NXXXX=NP ( M) - K 114
38 WRITFE (6442) ((Y(IMsTaL)aI=1aNV)eL=1 1 NXXXX) K115
29 RFTURN K 116
c K 117
40 FORMAT (///739H NO SOLUTION ON TAPE FOR THE CONDITIONS//5X+6H &/R= K 118
TF12e6+37X+9H EVALUATF/6X12HZ (11 42H)=E16e8+38X+3H Z(11,1H)//77) K 119
47 FORMAT (IHI2X+3H Z(I1+2H)=F10e6/3X+5H S/R=F12.6//120H T+ DEG K K 120
T LOG (RHO) LOG(P) LOG(H/R) GAMMA A/AA Z H K 121
2/RT 4l 77 K 122
42 FORMAT (2XF12e¢248F1046) K 123
END K 124-
SUBROUTINE INTRP (Ne+XsY+XINT+YINT) L 1
DIMENSTION X(N), Y (N) L 2
YINT=0. L 3
NO 3 I=1,4N L 4
SUMN=1 e L 5
SUMD=14 L 6
DO 2 J=1,4N L 7
IF (J=1) 14241 L 8
1 SUMN=SUMN¥ (XINT=X (J) ) L =]
SUMD=SUMD* (X (1)=X (J)) L 10
2 CONT INUE L1l
3 YINT=YINT4+Y (1 )*SUMN/SUMD L 12
RE TURN L 13
END L 14—
- L}
SINP ITEST=1+PSM=10404PT5M=1¢ 746FE+5+USM=6100+sRUN=1+RN=e0127%
SINP ITEST=1+PSM=10404PT5M=1¢ 746E+5+USM=6100+RUN=1+RN=e 0127+ SAV=0%
SINP TTEST=5+P5M=1040,RHOSM=400485+USM=6100+RUN=2+RN=,0127%
SINP ITFST=5+P5M=1040+sRHOSM=.00485+1USM=6100+sRUN=2+RN=,01274SAV=0%
€[NP ITEST=3+P5M=10404PT5M=14746E+5+4QT5M=2e743E+7+RUN=3+RN=¢0127%
BINP ITEST=3+PSM=10404sPTEM=1e 746E+51QTSM=2e743E+7+RUN=3+RN=e0127+SAV=0%

D
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APPENDIX D — Continued

A sample data printout is presented on the following page. The FORTRAN symbols
in the printout and the corresponding symbols defined in the section entitled '"Symbols'’
are as follows:

P1 (P1)m QTHOS q (ref. 40)
Vi (V1>m QTFR Elt (ref. 41)
PT (pt)m QTPT Elt (ref. 42)
QT (qt)m QTDE g (vef. 43)
RHO1 (P1)m | QTZO 4 (ref. 44)
RHOT (pt)m RN rg

P P

RHO p

T T

H h

S/R s/R

Z Y/

GAME YE

A a

v A

M M

NRE NRe

QTCO q, (ref. 39)
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REAL-AIR DCATA RECUCTINON FPCHRaAM OF MILLER

ALL PHYSICAL QUANTITIES IN MKS UNITS- NASA SP-7012
MEASURED INPUTS

RUN Pl vl pPT QT RHOL RADT
2.000F+00 1.040F+02 6.1CC%+03 0. O 4.850E-03 0.
FRZE=-STREAM CONDITICGNS

P RHO T H S/R z GAME

1,040E+03 4.850E-03 7.462€+402 7.6355405 3.1775+01 1.000°+00 1.3615+00 5.400E+02 6.100€+03 1.1305+0L B.520E+05

STATIC CONDITIONS BEHIMC NCFMAL SHOCK

P RHO T S/R

[4 GAME

TIME
1.000£-04

A v M \NRFE

A v M NRE

— g AP S . . GAME — N :
1o6T4E+05 6.225E=02 6.619FE+03 1.926%+07 4.399E+01 1.414E+00 1.142E+00 1.752E+03 4.757E+02 2.715E-01 1.717E+05

STAGNATION CONDITIONS REhINC NIORMAL SHOCK

R H

TSR T

T GAMETT

A

L. 746E+405 6.4587=02 6.643E403 1,9375+07 4.,399E+401 1.4165+00 1.1422+00 1.7575+03

__STAGNATIGN POINT HEAT TRANSFER PREDICTICNS

QTi0 QTHGS QTFR QTPT QTDE

2.79LE+07 2.3455407 2.867F+C7 3.4473+07 2.8935+07 2.,7437+07 1.2708-02

0720 RN

S T,
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Program symbol

APPENDIX E

COMPUTER PROGRAM INPUTS

The FORTRAN NAMELIST capability is used for data input with INP as the NAME-

LIST name.
follows:

72

ITEST
RUN
T@GLPT
T@LQT
T@LRHP

SPH

YJS

QDY

TWALL

TAU
ETA
TWE
RN

P5M

PT5M

The inputs necessary to utilize the computer program in appendix D are as

Description and unit

Identifies data reduction procedure to be used
Identifies facility test number

Desired tolerance of iteration involving p;
Desired tolerance of iteration involving qt
Desired tolerance of iteration involving Pq

SPH = 0 for spherical g, model

SPH =1 for transverse-cylinder ‘-lt model

Y@S =0 for pu; in qt predictions from Hansen (ref. 46)
Y@S =1 for py; in qt prediction from Yos (ref. 47)

QD@ = 0 if do not want various Elt calculated

QDY = 1 if want various dt calculated

TWALL =0 for Ty =Tamp
TWALL =1 if want to calculate Ty using equation (11)

Test time, T, sec
Product pcpk of model surface material, Wz—sec/m‘?t—K2
Tw,amb’ K
rg, m
N/m?2
pl m’

(Pf) > N/m?



=5

eSS Rmas s

Program symbol

USM
QT5M
RH@5M
RH@T5M

SAV

APPENDIX E — Continued

Description and unit

SAV =0 for use of AEDC tape
SAV =1 for use of subroutine SAVE (K)

In using a specific ITEST, only the measured inputs associated with that ITEST need
be included. For convenience, the required inputs corresponding to a specific ITEST are
indicated in the following table:

ITEST | P5M | PT5M | USM | QT5M | RHO5M | RHOTS5M

1 X X X 7

2 X p'e X

3 X X X

4 X X X

5 X X X

6 X X X

7 X X X

8 X X X
K X x | X

To reduce the number of inputs in INP, values are assigned (within the computer

program) to several input quantities; hence, these quantities may be excluded from INP,

unless a change in the quantity from the assigned value is desired. The assigned values

are as follows:

3
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APPENDIX E — Concluded

Program symbol

Assigned value

T@ELPT
T@LQT
T@LRHY
SPH
Y@s
QDJ
TWALL
TAU |
ETA
TWE
RN

SAV

0.001
0.005
0.001

0

1

1

0

1x10-4
2.045 x 108

300
0.01

1
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